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Adapting a system for measuring surface tension, I have helped to measure the strength of colloblast
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northwest Atlantic Ocean, and discuss its description and classification by modern sequence-based
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ABSTRACT
BIOCHEMICAL AND BIOPHYSICAL METHODS IN CTENOPHORE
PHYSIOLOGY, OR TENTACULAR SPECTACULAR: A JELLYFISHERTATION
James Townsend
Alison Sweeney
Ctenophores are a group of gelatinous marine invertebrates found throughout the
world’s oceans. Long recognized for their varied and dazzling forms, ctenophores have
recently been at the center of a debate about the origins of animal multicellularity.
Several recent phylogenomic analyses of early-diverging animal phyla (a group
comprised of ctenophores, sponges, cnidarians, and placozoans) suggest that
ctenophores are sister to all other animal groups, while others suggest that this result is a
methodological artifact. However, these taxonomic discussions are hindered by pervasive
gaps in our understanding of ctenophore physiology. Ctenophores are fragile animals
that have historically been difficult to culture or study, but renewed interest in early
animal evolution has sparked a revisiting of old questions in the biology of this
understudied phylum. Here, I report the results of several such investigations.
Throughout, I have employed a variety of novel adaptations of established biophysical
techniques for use with ctenophores to better approach several longstanding questions
about their physiology. First, a pair of investigations of the biochemical and mechanical
properties of the colloblast, a cell type involved in adhesive prey capture that is unique to
ctenophores. By utilizing a combination of confocal microspectroflourimetry and
traditional histological techniques, I offer evidence that colloblast adhesive contains
catechols incorporated into proteins, reminiscent of several other marine adhesive
v

systems. Next, by adapting a system for measuring surface tension, I have helped to
measure the strength of colloblast adhesive, and developed a model of ctenophore prey
capture based on the subsequent finding that it is surprisingly weak. Finally, I note a new
species of ctenophore, captured in the deep waters of the northwest Atlantic Ocean, and
discuss its description and classification by modern sequence-based methods, as well as
the state of “ctenophorology” going forward.
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CHAPTER ONE: An introduction to Ctenophora, the little phylum that
could (change how we conceptualize evolution)

1

Gelata, gelato, let’s call it an intro…
The work presented in this dissertation is focused on the physiology of ctenophores, an
understudied phylum of marine animals. Sometimes they are known as “comb jellies,” a
reference to the eight ciliated “comb rows” they use for locomotion, but mostly, they are not well
known at all: “What’s a ctenophore?” and “Who would name an animal Tina?” are questions I
have fielded too many times to recall from people young and old.In a conversation, at this point I
would show the questioner a photograph of a ctenophore with some interesting details I can point
to, such as this swimming Pleurobrachia pileus caught off the coast of southern New Jersey
(Figure 1.1).
Members of the genus Pleurobrachia are among the most commonly seen and studied
ctenophores. They appear seasonally in coastal waters in both the Atlantic and Pacific oceans.
The animal is slightly teardrop-shaped and very small, just under 10 mm in diameter. Its mouth is
open, and its thin tentacles are extended, with yet finer tentillae branching off the main tentacle
body, casting a wide net in search of prey. Five of the eight total comb rows are visible, running
vertically along the length of the body, scattering light from the lamp I used to illuminate the
animal in flashing rainbow patterns. Otherwise, this animal appears almost perfectly clear, like a
living glass marble. This is the prototypical body plan for the so-called “cydippid” ctenophores,
one of the most common body plans in a phylum with immense morphological variety.
“Oh, so they’re jellyfish then?” Yes and no. The term “jellyfish” isn’t popular among
marine scientists. When people use the term jellyfish in common parlance, they’re typically
thinking of bell-shaped, cnidarian medusae like this Aequorea sp. caught off the coast of North
Carolina (Figure 1.2). But Cnidaria is a massive phylum containing thousands of species from
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corals to Portuguese man o’ wars. The term “jellyfish” doesn't even capture the full diversity of
this group, and they represent just one facet of a wide world of gelatinous animals that inhabit
Earth’s oceans including urochordates like salps and larvaceans, as well as sea slugs and
polychaete worms, and indeed, ctenophores. These animals are all quite different from one
another apart from their largely gelatinous bodies, and none are actually fish. So, “jellyfish” has
some obvious shortcomings. Stephen Haddock of MBARI has suggested the term gelata to
describe this broad taxon (Haddock, 2004). I favor this term, but sometimes, as in the title for this
work, I choose to use the term jellyfish to, paraphrasing Karl Marx “heighten the contradictions”
of the term with the ultimate goal of bombarding friends, family members, strangers, and people
reading my thesis with a rant about biodiversity that introduces my study organism.
A key to understanding the evolution of early animal life
Ctenophora is among the early-diverging animal phyla—a group that also includes
Porifera, Cnidaria, and Placozoa. These lineages are considered to be the oldest within Metazoa,
the multicellular animals. Inquiry, and often fierce debate about the precise branching order of
these lineages has been central to the study of animal evolutionary biology for more than a
century. The branching order of the early animal tree of life is important because it can elucidate
the “story” of how multicellularity and “complex” features like nerves and muscle developed.
The predominant view until about a decade ago was that sea sponges (Porifera) were the
sister group to all extant animals. That is, that sponges were the first extant lineage to branch off
from the rest of Metazoa. This “sponges-sister” hypothesis was based in part on sponge
physiology, which is marked by a lack of body symmetry and only a handful of distinct tissue
types, as well as the presence of choanocytes, a cell type involved in sponge feeding whose
morphology resembles that of choanoflagellates, a group of single-celled organisms considered to
3

be the closest evolutionary outgroup to metazoans (“choano-” in both cases comes from the
Greek word χοανη, meaning “funnel,” and refers to funnel shaped collar each cell presents).
Early molecular phylogenetic evidence seemed to substantiate the notion that sponges
were indeed sister to all other animals (Srivastava et al., 2010), but as a wider variety of species’
were sampled, this became less certain. But as more species in more phyla were sequenced, this
convenient picture blurred. When ctenophores were eventually included in 18S rRNA (Dunn et
al., 2008; Hejnol et al., 2009) and transcriptomic phylogenetic analyses (Ryan et al., 2013; Moroz
et al., 2014), some researchers began to arrive at a surprising conclusion—that ctenophores were
the sister group to all other animals (Figure 1.3). This “ctenophores-sister” hypothesis was a
tremendously counterintuitive result: ctenophores possess nerves, muscles, rotational symmetry,
and a variety of other “complex” morphological traits that, for many, made it inconceivable that
this lineage could have arisen first among the early-diverging phyla (Dunn et al., 2015; Halanych,
2015). Nonetheless, it seems that this apparent complexity arises from a relatively simplified
genetic toolkit (Dunn et al., 2015). Stranger still, if the ctenophore lineage appeared before the
sponge lineage, it would imply that either the earliest multicellular animals (the “urmetazoan” last
common ancestor of all animals) possessed the genetic tools to produce apparently complex
features, which were lost in sponges and placozoans, or that features like nerves and muscles
evolved in the ctenophore lineage independent of their emergence in cnidarians and bilaterians:
both fascinating and surprising scenarios.
Debate continues over the methodology and models used to evaluate the large
transcriptomic datasets used in these analyses. Some researchers continue to find evidence of
sponges-sister (Pisani et al., 2015; Feuda et al., 2017; Simion et al., 2017), while others find
increasing support for ctenophores-sister (Chang et al., 2015; Whelan et al., 2015, 2017;
Halanych et al., 2016). This debate is likely to continue for some time, but it has highlighted the
4

massive gaps in our understanding of the physiology of both sponges and ctenophores. Many
assumptions about both groups “complexity” are predicated on a flawed of incomplete
understanding of their physiologies (Dunn et al., 2015; Halanych, 2015). New investigations into
particularly mysterious aspects of ctenophore physiology have formed the bulk of my graduate
research and that of many of my friends and colleagues in the newly revitalized field of
ctenophorology. As you will see, there’s been a good amount of progress, but there is still much
to be learned.
Stuck on goo
Whereas cnidarians are infamous for their cnidocytes and the sometimes-painful stings
these venom-injecting cells inflict on prey and unsuspecting humans, ctenophores are harmless
for humans to touch. The colloblast cells that cover the surface of their tentacles do not inject
venom. Rather, they secrete an adhesive on contact with prey. The colloblast is perhaps one of the
most iconic and enigmatic ctenophore features. No other animal group possesses a cell type
homologous to the colloblast. By virtue of being such a unique feature, colloblasts have the
potential to act as a window on ctenophore biology in general. Some portion of colloblast-specific
genes may be completely novel and unique to ctenophores, others may have homologues in other
taxa. Characterizing both could help to give context to ctenophores’ place in the early animal tree
of life.
Very little is known about the adhesive that colloblasts release. It is proteinaceous and
appears to be associated with a collagen-like protein, but that is the limit of current knowledge on
the topic. However in Chapter 2, I present data from an investigation of the tentacles from the
ctenophore Pleurobrachia bachei suggesting that proteins concentrated in adhesive-filled
granules on the surface of colloblasts contain catecholic moieties. This suggests that ctenophore
5

colloblast adhesive may be chemically similar to biological adhesives found in bilaterian systems
such as mussels and sandcastle worms. In the process, we found evidence of similar catecholic
moiety-containing proteins associated with the subepithelial nerve net, which may be related to
the dozens of predicted neuropeptides ctenophores are thought to use for neural signaling.
In Chapter 3, I delve into a biomechanical investigation of the properties of colloblast
adhesive. Working with an undergraduate summer research student, Gabriel Pastrana, we
measured the adhesive strength of living P. bachei tentacles and found them to be relatively weak
compared to other biological adhesives. From this information I develop a simple model of
ctenophore prey capture that demonstrates how a relatively weak adhesive may function as a way
of passively filtering out oversized prey that is consistent with known patterns of prey handling in
this species.
It is my hope that these results will prompt more biochemical and ecological studies of
colloblast adhesives in other members of the phylum. I also hope that, in the future, colloblast
adhesive proteins will be purified and identified at the molecular sequence level.
And now for something completely different…
Most of my work and that of others studying ctenophore physiology over the years has
dealt with species that are easily obtained from field stations or sampling just offshore. This is a
largely practical matter: most ctenophores are very fragile, and until relatively recently, proved
difficult to rear in a laboratory or aquarium setting (Vandepas et al., 2017). Furthermore, of the
~150-300 species of ctenophores thought to exist, only a handful are commonly seen (Dunn et al.,
2015; Mills, 2017). The vast majority are found in the open ocean, many in the deep sea. And
while the work of talented aquarists has made some inshore species possible to sustain in
captivity, the vast majority of ctenophores are simply too rare or too fragile to be brought out of
6

their native habitats (Haddock, 2004; Dunn et al., 2015). Furthermore, many of these species,
while well-known to biologists and oceanographers regularly sampling the open ocean with
submersibles or trawls, lack a formal scientific description and remain obscure to the world at
large (Dunn et al., 2015).
In Chapter 4, I present a formal description of one such deep-sea ctenophore, which I was
fortunate enough to catch off the coast of Delaware in the company of a group of young,
motivated invertebrate biologists. Its brilliant color, likely a kind of camouflage at depth, has
earned it the nickname “Tortugas Red” over the years. Our description combines the state of the
art in molecular phylogeny with a classical taxonomic treatment of the animal’s morphology. Our
description not only adds an exciting and striking member to the list of formally-described
ctenophore species, but has also facilitated a much-needed reassessment of family-level
ctenophore taxonomy based on molecular sequence data. Our hope in presenting this description
is to set a new precedent for how taxonomic accounts of ctenophores may be undertaken in the
future, and to make the organization of the phylum more consistent with modern molecular
phylogenetics.
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Figure 1.1: P. pileus from southern New Jersey with anatomy typical of “cydippid”
ctenophores. P. pileus possesses a pair of branched tentacles with which it hunts for prey as well
as the phylum-defining eight rows of ciliated combs, which it uses to locomote and change
orientation while handling prey. P. bachei, a similar species of ctenophore from the Pacific, was
used extensively in the work presented in this dissertation.
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Figure 1.2: Aequorea sp. caught by netting using SCUBA off the coast of North Carolina.
Aequorea is a hydrozoan, a class of cnidarians. It is one of many gelatinous animals that might
conceivably fall under the umbrella of the neologism, gelata.
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Figure 1.3: Cladogram representing the relationships between major animal phyla under
the “ctenophores sister” hypothesis.
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CHAPTER TWO: Catecholic compounds in ctenophore colloblast and
nerve net proteins suggest a structural role for DOPA-like molecules in
an early-diverging animal lineage

Note: The contents of this chapter are under a second round of peer review at The
Biological Bulletin.
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Abstract
Ctenophores, or comb jellies, are among the earliest-diverging extant animal
lineages. Several recent phylogenomic studies suggest they may even be the sister group
to all other animals. This unexpected finding remains difficult to contextualize,
particularly given ctenophores’ unique and sometimes poorly understood physiology.
Colloblasts, a ctenophore-specific cell type found on the surface of these animals’
tentacles, are emblematic of this difficulty. The exterior of the colloblast is dotted with
granules that burst and release an adhesive on contact with prey, ensnaring it for
consumption. To date, little is known about the fast-acting underwater adhesive these
cells secrete or its biochemistry. We present evidence that proteins in the colloblasts of
the ctenophore Pleurobrachia bachei contain catecholic compounds similar to the amino
acid L-DOPA. These compounds are associated with adhesive-containing granules on the
surface of colloblasts, suggesting they may play a role in prey capture, akin to DOPAbased adhesives in mussel byssus. We also present unexpected evidence of similar
catecholic compounds in association with the subepithelial nerve net. There, catecholic
compounds are present in spatial patterns similar to those of L-DOPA and its derivatives
in cnidarian nerves, where they are associated with membranes and possess unknown
functionality. This “structural” use of catecholic molecules in ctenophores represents the
earliest-diverging animal lineage in which this trait has been described, though it remains
unclear whether structural catechols are deeply rooted in animals or have arisen multiple
times.
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Introduction
Recent phylogenomic studies have proposed that ctenophores, or "comb jellies," a
group of gelatinous, carnivorous, and largely planktonic marine invertebrates, are the
sister group to all other animals (Dunn et al., 2008; Hejnol et al., 2009; Ryan et al., 2013;
Moroz et al., 2014; Dunn and Ryan, 2015; Whelan et al., 2017). Though this
“Ctenophora-sister” hypothesis is currently disputed in follow-up studies suggesting that
sponges are the sister group to the rest of Metazoa (Pisani et al., 2015; Feuda et al., 2017;
Simion et al., 2017), the resulting phylogenomic debate has sparked a resurgence of
interest in the physiology and development of ctenophores (Dunn et al., 2015; Norekian
and Moroz, 2016; Presnell et al., 2016) as researchers attempt to frame genomic insights
from non-bilaterian animal lineages in a broader organismal biological context.
For example, the nature of a phylum-defining feature of ctenophores, the
“colloblast,” remains mysterious. Colloblasts are an adhesive cell type that covers the
exterior surface of ctenophore tentacles, and are not obviously homologous to any other
animal cell types. Colloblasts are used to ensnare prey, in a manner akin to flypaper, and
are characterized by clusters of adhesive-containing granules. These granules rupture and
release their contents on contact with prey. Little is known about the adhesive, except that
it is likely proteinaceous (Franc, 1978) and is suspected to be associated with a collagenlike, proline-rich molecule (Franc, 1985).
One known class of protein-based marine adhesives is found in both the byssal
threads used to anchor mussels to their substrates, and in the cement used for tube
construction in some tube-dwelling polychaetes. Adhesion in these systems is mediated
by the amino acid L-3,4-dihydroxyphenylalanine (L-DOPA). L-DOPA’s side chain is a
16

catechol moiety, in these cases presumed to be produced by enzymatic hydroxylation of
tyrosine (Waite, 1983; Zhao et al., 2005) by a tyrosinase (Guerette et al., 2013). When
incorporated into polypeptides, L-DOPA possesses prodigious and tunable adhesive
properties because of the catechol moiety’s capacity to coordinate with a wide variety of
cations and biomolecules (Taylor et al., 1996; Harrington et al., 2010; Hwang et al.,
2010; Yu et al., 2011; Martinez Rodriguez et al., 2015). Further, collagen and collagenlike molecules in byssal tissue coordinate with L-DOPA-containing adhesive proteins and
confer tensile strength to the byssal threads (Qin and Waite, 1995; Coyne et al., 1997;
Martinez Rodriguez et al., 2015).
We hypothesized that a chemically similar system might be present in ctenophore
colloblast adhesive, which also must be able to securely and flexibly adhere to a variety
of potential prey items. We employed a combination of histology,
immunohistochemistry, and confocal microspectrofluorometry to test this hypothesis.
These techniques showed that catecholic compounds are incorporated into proteins in
Pleurobrachia bachei colloblasts, but do not seem to be present as small molecules in
solution (i.e., as possible neurotransmitters). Additionally, we unexpectedly found
evidence for catechols among the nerve nets of these animals, likely also incorporated
into protein.
L-DOPA occupies a key node in the biosynthetic pathway of the otherwise
ubiquitous neurotransmitters dopamine, epinephrine, and norepinephrine, but ctenophores
are reported not to use any of these molecules for neurotransmission, based on analyses
of their gene content and capillary electrophoresis (Moroz et al., 2014; Moroz and Kohn,
2016). However, L-DOPA itself and other, related catecholic amino acids (as opposed to
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their catecholamine derivatives) are present in high, constitutive concentrations in the
nerve nets of several species of anthozoan cnidarians (Carlberg, 1983, 1990), where their
roles are unclear. Similarly, hydroxylated arginine (hydroxyarginine) has also been found
in high concentrations in both anthozoan nerves and mussel byssus adhesive plaques
(Makisumi, 1961; Papov et al., 1995), though its function in cnidarian nerves is
unknown. L-DOPA has also been recently observed immunohistochemically in nonneuronal cells in the ctenophore polar fields (Jager et al., 2013), where its function is also
unknown.
In this investigation, we employed a technique that uses the autofluorescence of
catecholamine-aldehyde reaction products to map their physiological role in the nervous
system (Dowson and Laszlo, 1971; Elofsson et al., 1977; Harrisson et al., 1980;
Carlberg, 1983). Catecholamines and similarly structured molecules in biological tissue
will react with exogenous paraformaldehyde to form green-fluorescent isoquinolines; the
emission profiles of these isoquinolines are modulated by concentration and number of
substituents originally present on the native catecholamine (Bjorklund and Falck, 1973).
The flexibility of this technique allowed us to examine ctenophore tissues for these
molecules in the absence of a more detailed characterization of this nervous system.
Our results suggest that catecholic adhesive proteins are a character present in one
of the earliest-diverging animal lineages. The unanticipated finding of abundant catecholcontaining proteins in the ctenophore nerve net also suggests that the question of a neural
role for catecholic molecules in this phylum is worthy of further consideration.
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Materials and Methods
Sample collection:
Pleurobrachia bachei were collected by dip netting on the floating docks at the
University of Washington’s Friday Harbor Labs in Friday Harbor, WA (48.545234, 123.012020). All tentacle tissue was dissected away from the bodies (after, “tentacle-free
bodies”) and stored separately. All P. bachei bodies used in this study were free of any
visible tentacle or tentacle bulb tissue. Shortly after collection, tissue samples were stored
at -80 °C until use.
Arnow’s reagent staining of whole ctenophores:
Whole adult P. bachei (n=5) were fixed in excess 4% paraformaldehyde (PFA) in
1x phosphate-buffered saline (PBS) at 4 °C overnight, then washed in excess 1x PBS for
4 hours at 4 °C, then moved into successive baths of Arnow’s reagent components A, B,
then C (Reagent A: 0.5 N HCl, Reagent B: 1.45 M sodium nitrite and 0.41 M sodium
molybdate, Reagent C: 1 N NaOH). Samples spent 10 minutes in each solution at 20 °C.
Representative samples were dissected and photographed with identical camera settings
and lighting before and after treatment.
Protein extraction, TCA precipitation, and biochemical analysis of protein pellets
Tentacles dissected from ten individual P. bachei were centrifuged at 4 °C for 2
minutes at 8000 × g, and any excess seawater leftover from the dissection was pipetted
away. Then, 500 μl of 1x PBS was added and the tissue was sonicated on ice using a
Fisher Scientific FB505 sonicator for 2 minutes at 30% amplitude, with a 10-second duty
cycle using a micro-sonication tip. The resulting lysate was centrifuged at 4 °C for 10
minutes at 8000 × g. The supernatant was removed and reserved at -80 °C, while the
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pellet was rinsed in excess mol. biol. grade water. The rinse water was then removed and
discarded, and this pellet was immersed in a second sonication buffer, this time 500 μl of
0.1 M acetic acid/0.1% (w/v) cetrimonium bromide (CTAB) detergent, hereafter referred
to as “AcOH/CTAB.” The pellet was sonicated and the lysate centrifuged a second time,
as above. The supernatant was removed and reserved at -80 °C. Lysates from the ten
tentacle-free bodies were prepared in a similar manner. Due to their high water content,
whole bodies were sonicated as above, but without any additional buffer. This lysate was
centrifuged as above and this supernatant, referred to as “no buffer” or “NB” in the text,
was removed and reserved. The pellet from this step was washed and immersed in 500 μl
AcOH/CTAB buffer, re-sonicated, and centrifuged as above. The AcOH/CTAB
supernatant was drawn off and reserved at -80 °C. Four additional standard solutions
were prepared: two 5 mg/ml solutions of albumin from chicken egg white (62-88%;
Sigma), one in 1x PBS and another in AcOH/CTAB, and two 1 mg/ml L-DOPA solutions
(Tocris Bioscience, Bristol, UK), also in 1x PBS and AcOH/CTAB.
To separate whole protein from the rest of these lysate, we used tricholoracetic
acid (TCA) precipitation. Ice cold TCA (250 μl, 20% w/v) was added to a like volume of
lysate or standard solution; the solution was mixed by pipetting and incubated at 4 °C for
10 minutes. These mixtures were centrifuged at 4 °C for 10 minutes at 20000 × g. The
supernatants were removed and reserved, while precipitated pellets, if present, were
rinsed in excess molecular biology grade water. Pellets were cut in half and one half was
immersed in 4% PFA overnight and spectrally imaged by confocal microscope, as done
for whole tissue mounts as described below. The second half of each pellet was placed on
a glass slide and treated with Arnow’s reagent (50 μl of reagents A, B, and C applied in
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succession, each allowed to sit for about 1 minute before the application of the next).
These Arnow-treated pellets were then photographed with standardized lighting
conditions and camera settings. All TCA precipitation supernatants were likewise treated
with Arnow’s reagent (a 1:1:1:2 ratio of sample: reagent A: reagent B : reagent C, in
order to completely neutralize the TCA). The UV-Vis spectra of these Arnow-treated
solutions were then measured on a Nanodrop 2000. Droplets of Arnow-treated solutions
were also photographed on slides in the same manner.
Confocal microspectrofluorometry
DOPA and related molecules form green-emitting fluorophores with known
spectral characteristics when exposed to formaldehyde (Bjorklund and Falck, 1973). To
assay formaldehyde-induced fluorescence (FIF) in this system, adult P. bachei (n=3)
were fixed overnight in excess 4% PFA buffered with 1x PBS. Ctenes and tentacles were
then dissected and mounted as described above. Mounted samples were imaged on a
Zeiss LSM 710 laser scanning confocal microscope with a 32-channel spectral detector.
Samples were excited with a laser tuned separately to 405, 458, and 488 nm (although
only the 405 nm excitation resulted in a detectable emission, see results). Emission
spectra resulting from the 405 nm excitation were measured from 425-700 nm with
wavelength resolution of 3.2 nm.
Images collected in this fashion were processed using the Zeiss Zen 2.3 Lite
software package. This software displays the spectral data collected by the detector as
colorized composites with colors of individual pixels in the image corresponding to the
perceptual color of light emitted from that region of the image. Spectral profiles for
various regions of interests have been computed from the average pixel intensity within
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each 3.2 nm wide spectral bin. To statistically assess the degree of similarity between
spectra, we computed Pearson’s correlation coefficient for each pair of spectra under
consideration within the 420-650 nm wavelength range diagnostic for FIF in MATLAB.
Immunohistochemistry and confocal microscopy:
Whole adult P. bachei were fixed in excess 4% PFA in 1x PBS at 4 °C for 1.5
hours. Fixed individuals were bisected along the pharyngeal plane and moved to a
solution of 1x PBS to wash out excess fixative. Fixed and washed samples were blocked
overnight at 4 °C in 5% normal donkey serum in 1x PBS. Blocked samples were
incubated for 36 hours at 4 °C with rabbit polyclonal anti-L-DOPA antibody (Abcam
Cat# ab6426, RRID:AB_305457) 1:4500 in blocking solution. After this primary
incubation, samples were washed six times with excess volumes of blocking solution,
then incubated overnight in the dark at 4 °C with anti-Rabbit IgG (H&L) DyLight 488conjugated secondary antibodies, also diluted 1:4500 in blocking solution. After
secondary antibody incubation, samples were washed six times with 1x PBS at 4 °C.
After secondary staining, these samples were dissected to remove the tentacles and
tentacle base whole, as well as sections of comb rows.
To test whether the primary anti-DOPA antibody specifically binds L-DOPA, we
used a strategy of pre-incubating pure L-DOPA antigen with the primary antibody prior
to introducing this mixture to the fixed tissue, as in the standard protocol described
above. If the L-DOPA antigen were specifically bound to the antibody after this
pretreatment, it would mask the antibody’s paratope, preventing it from spuriously
binding to epitopes in the fixed tissue, and we would expect a negative staining result in
subsequent fluorescence imaging. For these pre-incubated antigen controls, diluted
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primary antibodies were incubated with 1000x or 10x molar excess pure L-DOPA
overnight, then used to stain samples as above. We also controlled for nonspecific
binding of the secondary antibody by staining samples with secondary antibody alone. In
this case, only the anti-Rabbit IgG (H&L) DyLight 488-conjugated secondary antibody
solution diluted 1:4500 in blocking solution was applied to the tissues and incubated
overnight, in the dark at 4 °C, then washed six times with 1x PBS at 4 °C.
For all antibody experiments, after incubation with antibodies as described above,
dissected pieces of tissue were mounted on glass slides with Vectamount hard-set
mounting medium (Vector Labs, Burlingame, CA) and imaged on a Nikon Eclipse E800
upright microscope with a BioRad Radiance 2000 laser scanning system and standard
FITC filters. All tissues and treatments described here were imaged using the same laser
and camera settings. For each set of conditions, n=3 individuals were subjected to
treatment.
Bioinformatics
Putative tyrosinase domain-containing proteins were identified by searching the
NeuroBase P. bachei filtered gene model dataset “02_P-bachei_Filtered_Gene_Models”
(Moroz et al., NeuroBase) for entries annotated with the Pfam (Finn et al., 2016)
accession code “PF00264” (“Common central domain of tyrosinase”). A single putative
tyrosinase sequence, “sb|3461288|,” hereafter referred to as “tyrosinase 1” was identified
in this fashion, and run through the HMMER web server’s phmmer search (Finn et al.,
2011) with default settings to assess the position and number of predicted tyrosinase
domains in the sequence. This approach identified two domains of identical sequence in
the gene model. This predicted tyrosinase domain sequence was then modeled with the
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SWISS-MODEL protein structure homology-modelling server (Arnold et al., 2006; Guex
et al., 2009; Kiefer et al., 2009; Biasini et al., 2014). We built a structural model of the P.
bachei tyrosinase domain using Aspergillus oryzae catechol oxidase (PDB: 4J3P,
UniProt: Q2UNF9_ASPOR) as a template given the results of a SWISS-MODEL
template search. This model was visualized using PyMol (Schrödinger, LLC, 2015). The
P. bachei tyrosinase domain sequence was aligned using MUSCLE v3.8.31 (Edgar,
2004) with all default settings against four other representative tyrosinase domain
sequences from the Pfam tyrosinase entry (PF00264): A. oryzae catechol oxidase (the
structural model template), Mus musculus tyrosinase (UniProt: TYRO_MOUSE),
Solanum lycopersicum polyphenoloxidase A (UniProt: PPOA_SOLLC), and Bacillus
megaterium tyrosinase (UniProt: D5DZK6_BACMQ). This alignment was visualized and
labeled using TEXshade (Beitz, 2000).

Results
Arnow’s reagent staining
Arnow’s reagent is a three-part colorimetric assay that is specific for the
catecholic moiety of ortho-, or o-diphenols (Arnow, 1937; Waite and Tanzer, 1981).
When treated with Arnow’s reagent, mono- and unsubstituted o-diphenols form a redorange to red chromophore (Arnow, 1937; Waite and Tanzer, 1981). This assay was also
used as a histological stain in studies of DOPA-containing adhesive proteins in
polychaetes (Wang and Stewart, 2012) and DOPA-hardened hydroid perisarc (Hwang et
al., 2013). Treatment of whole, fixed Pleurobrachia with Arnow’s reagent (n=5
individuals) resulted in red-orange staining of the animals’ tentacles (Figure 2.1A, B;
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insets at top). The treated comb rows had a slight yellow tint, but are otherwise not
obviously affected by treatment with Arnow’s reagent (Figure 2.1B).
Of various buffer conditions tried for extracting bulk protein from tentacle tissue,
only AcOH/CTAB fully disrupted the tissue and extracted enough protein to form a
visible pellet. This pellet, when treated with Arnow’s reagent, stained a dark red color
(Figure 2.1B). Extraction of protein from tentacle-free P. bachei bodies was more
straightforward, and sonication without additional buffer was sufficient to extract a
visible protein pellet (Figure 2.1A). Resonication of the material leftover from this initial
extraction of the body tissue in AcOH/CTAB buffer resulted in further protein extraction
(Figure 2.1A). After TCA precipitation, protein samples from both the tentacles and the
rest of the body stained a pale orange color when treated with Arnow’s reagent (Figure
2.1B). In all buffer conditions and all tissue types, the corresponding supernatants that
resulted from TCA precipitation of total protein did not exhibit the absorbance peaks at or
around 400 and 500 nm that are characteristic of solutions staining positively for odiphenols by Arnow’s reagent (Figure 2.1B).
As a negative control, we tested protein pellets generated from solutions of lowpurity chicken egg albumin with Arnow’s reagent (Figure 2.1A). These samples did not
stain orange, nor produce supernatants with absorbance peaks at 400 or 500 nm (Figure
2.1B). As a positive control we tested solutions of pure L-DOPA. These solutions formed
no pellet when TCA was added, but the resulting solution turned bright red and exhibited
the absorbance peaks at 400 and 500 nm characteristic of o-diphenols in this assay
(Figure 2.1B).
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Formaldehyde-induced fluorescence (FIF)
Both ctene and tentacle samples that were fixed at least overnight in 4% PFA/1x
PBS showed spatial patterns of autofluorescence when excited with 405 nm light. In
contrast, no autofluorescence was observed in unfixed P. bachei ctenes or tentacles or in
samples that had been fixed for 1.5 hours in 4% PFA/1x PBS. Laser excitations at 458
and 488 nm were also assayed, but only the 405 nm excitation produced any detectable
autofluorescence. The emission spectra from both tissue regions were broad, with a fullwidth half-maximum value in both tissues of about 125 nm (Figure 2.2, B and D). The
presence of a few local maxima near the peak of this broad spectrum suggests that the
observed emission spectrum may be the sum of a few independent, spectrally separated
emitters (Figure 2.2, B and D).
FIF images of tentacles show two distinct features (Figure 2.2A). We observed
punctate, green-emitting, spherical granules consistent in appearance with adhesive
granules in the colloblasts. In contrast, the non-colloblast regions of the tentacles emitted
an unstructured, diffuse blue signal. We interpret this blue signal to be the general
ctenophore tissue background fluorescence with PFA fixation. The brighter fluorescence
emission of the colloblasts was redshifted from that of the diffuse blue background: the
granules emitted at 503, 522, and 535 nm, whereas the tissue background had local
maxima at 483 and 499 nm (Figure 2.2B).
In comb row tissue, the cells between and around ctenes contained green-emitting
granules ranging in size from 1-8 μm in diameter, while a blue-emitting mesh similar in
structure to that observed in our IHC experiments filled most of the space between them
(Figure 2.2C). The ctenes themselves were also visible as blue-emitting structures similar
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in coloration to the mesh.
Emission spectra of the blue mesh and ctenes exhibited maxima at 480 and 496
nm (Figure 2.2D) and were overall similar to the blue tissue background of the tentacles
(Figure 2.2B, D). In contrast, spectra from the mesh-associated granules showed a
fluorescence emission maximum at 502 nm and minor peaks at 515 and 535 nm (Figure
2.2D), also similar to the green-emitting granules on the colloblasts’ exterior (Figure
2.2B, D).
We also conducted FIF assays of the protein pellets resulting from TCA
precipitation (Figure 2.2B, D). These protein samples exhibited emission spectra similar
to those of the whole-mounted tissue samples described above. Pellets from both tentacle
and body tissue exhibited emission profiles with peaks at 515 and 535 nm. The pellet
from tentacle tissue also has a distinct emission peak at 675 nm, possibly due to the coprecipitation of porphyrin-containing proteins. In contrast, egg albumin pellets prepared
and imaged in the same fashion showed only the diffuse blue emission near 515 nm,
similar to the unstructured background of tentacles and ctene tissue.
To assess the degree of similarity between fluorescence emission spectra, we
computed Pearson’s correlation coefficient, 𝑟, for each pair of spectra associated with
either tentacle or ctene tissue (Table 2.1). We restricted the input data to wavelengths less
than 650 nm across all computations to focus this analysis on the blue to yellow emission
region that is diagnostic for FIF. All pairs of spectra compared in this fashion show some
statistically significant correlation (ie. each pair differs from the null hypothesis of no
correlation or 𝑟 = 0 with 𝑝 < 10−3 ), but within each tissue, the highest values of the
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correlation coefficient were for pairs containing egg albumin pellets and the tissue
background, and for pairs containing spectra of the tissue granules and CTAB-extracted
protein pellets from those tissues (Table 2.1, green highlights).
Immunohistochemistry
In P. bachei tentacles, using a standard staining protocol with an anti-L-DOPA
primary antibody followed by an appropriate fluorescent secondary antibody yielded a
pattern of punctae of bound antibody outlining larger spherical structures approximately
350 nm in diameter (Figure 2.3A). The positively-staining spheres are close-packed, and
in turn organized in a hemispherical pattern with ~250-nm gaps between the edges of
individual 350-nm spheres. This staining pattern is consistent with antibody bound to
colloblast adhesive granules as originally identified via electron microscopy by Franc
(Franc, 1978). The tentillae are uniformly covered in these positively staining granules,
while on the main branches of the tentacles, they are present in spiral bands running
along the long axis.
The same protocol applied to comb rows yielded an extensive net-like pattern of
positive staining granules filling the area between individual comb plates and extending
outward beyond the edges of the comb plates (Figure 2.3D). The average mesh size of the
pattern directly between the comb plates is 5–6 μm and it increases to 7–8 μm at the
distal edges of the imaged sections. Individual brightly staining granules within the mesh
were approximately 1.4 μm in diameter, and largely appeared within the mesh outline,
but occasionally formed large clumps of ~10 μm in diameter that disrupted the mesh
pattern. This mesh and associated granules lay in a plane parallel to the body wall of the
animal and formed a layer approximately 2–3 μm thick. We also observed a pattern of
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pronounced, striated positive staining at the base of each comb plate. These striations
radiate out from the comb plates and do not appear to be directly connected to the nearby
mesh. The striations emanating from the comb rows occur with a spacing of 7–8 lines
every 10 μm.
As other investigators have noted, fixation causes ctenophore tentacles to become
somewhat “sticky” to a variety of reagents (von Byern et al., 2010; Dayraud et al., 2012).
Accordingly, staining P. bachei tentacles with only fluorescently-labelled secondary
antibodies as a nonspecific binding control yields a staining pattern that is spatially
similar to but less efficient than the standard protocol described above, producing a stain
that is ~30% dimmer as indicated by average greyscale value. (Figure 2.3B). In comb
row preparations, this nonspecific staining control protocol yielded no staining of the
mesh, granules, or ctene striations observed in the dual antibody stain described above
(Figure 2.3E).
Because these treatments yielded staining patterns that were similar spatially but
different in intensity, we included an additional antigen specificity control. If the primary
antibody is able to specifically bind its antigen in this pre-incubation, the antibody’s
paratope will be masked, preventing it from subsequently binding to epitopes in the
tissue. Any staining observed in this treatment must be due to either non-specific binding
of the primary antibody to the tissue or interactions between the tissue and the pure
antigen itself. In P. bachei tentacles, this treatment yielded a markedly different staining
pattern from secondary antibodies alone. The punctate staining pattern of the standard
protocol was abolished, leaving a fainter, unstructured stain throughout the tissue (Figure
2.3C). In P. bachei comb rows, the same control experiment revealed neither the mesh
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structure, nor the granules between and to the sides of the comb plates, nor the bright
striations emanating from the comb plates. In all comb row control experiments, only a
faint background signal from the comb plates remained (Figure 2.3F). This suggests that
the primary anti-L-DOPA antibody used does bind specifically to pure L-DOPA, but that
in the tentacles, L-DOPA from the pre-incubation step interacted with the tissue in a
nonspecific fashion to produce the resulting faint, unstructured pattern.
Informatic investigation of a putative ctenophore tyrosinase
Tyrosinases are a diverse class of enzymes capable of synthesizing L-DOPA and
other catecholic compounds from phenolic substrates that, if expressed, could make a
variety of catecholic compounds biologically available in ctenophores. As described in
Methods, we identified a putative tyrosinase from the P. bachei genome by searching a
filtered gene model database for entries annotated with the Pfam tyrosinase domain. A
HMM-based analysis of this sequence by phmmer (Finn et al., 2011) identified two
tyrosinase core domains in this sequence, each preceded by a disordered region. The Nterminal region of the sequence also encodes a signaling peptide, implying that the
encoded protein may be secreted (Figure 2.4A). An alignment of the catalytic domain of
a predicted P. bachei tyrosinase (Figure 2.4B) with the catalytic domains from a set of
other of animal phyla shows that the ctenophore sequence contains the six histidine
residues required for binding two copper(II) ions to form the active site for the enzyme
(Mayer, 2006; Decker et al., 2007; Faccio et al., 2012); Figure 2.4B, black arrows).
Homology modeling of the ctenophore tyrosinase yielded a structure (Figure 2.4C) of
adequate model quality (GMQE: 0.66; QMEAN Z-score -3.95). This model predicts that
the six histidine residues and intervening sequence in the ctenophore isoform preserve the
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Cu(II) binding site geometry necessary for the tyrosinase active site.
Discussion
We detected evidence of non-canonical, catecholic amino acids in colloblast
granules of the ctenophore Pleurobrachia bachei. Surprisingly, we also found similar
catecholic granules associated with the comb row subepithelial nerve net. Our finding
that these analytes are detectable in TCA-precipitated protein pellets from P. bachei
tissue lysates, but not in the associated supernatants suggests that these catecholic amino
acids are not free in solution, but rather are associated with proteins.
Previous investigations of catecholic metabolites in ctenophores utilized capillary
electrophoresis in combination with mass spectrometry or fluorescence detection to probe
tissue extracts against a specific set of standard molecules (Moroz et al., 2014). These
studies concluded that there was no L-DOPA (or dopamine) present in ctenophores, at
least as a small signaling molecule in solution (Moroz et al., 2014; Moroz and Kohn,
2015). The results of the present study don’t contravene this prior work. Capillary
electrophoresis can accurately detect very small quantities of metabolites in a biological
sample relative to specific standards, but may fail to detect or distinguish close chemical
variants of these standards without coupling to a second analytical technique such as
mass spectrometry (Cruz et al., 1996; López-Montes et al., 2013). The multiple local
maxima in our FIF data suggest that the catecholic residues in P. bachei tentacles and
comb rows may be derivatives of L-DOPA, rather than L-DOPA per se, and thus were
unlikely to have been part of a set of chemical standards. Furthermore, our data suggest
that catecholic amino acids are present in P. bachei in a polymerized, proteinaceous form,
while Moroz and colleagues specifically assayed for solution-state catecholamines and
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their precursors (Moroz et al., 2014).
L-DOPA and dopamine do not affect ciliary beat in P. bachei (Moroz et al.,
2014). Moreover, P. bachei, like all other ctenophores studied, do not encode the
ionotropic receptors required for catecholamine signaling (Moroz et al., 2014; Moroz,
2015). However, Moroz and colleagues also predicted dozens of novel putative peptidic
prohormones in P. bachei and other ctenophore species, and suggest that these peptides
could be involved in signaling through the numerous epithelial sodium channels or
orphan G protein-coupled receptors also identified by their studies (Moroz et al., 2014;
Moroz, 2015; Moroz and Kohn, 2015). Addition of a variety of post-translational
modifications to prohormones during intracellular processing is common, but the
physiological significance of most of these additions is poorly understood (Perone and
Castro, 1997). Our data are compatible with a scenario in which the putative
prohormones/proneuropeptides identified by Moroz and colleagues contain posttranslationally modified, catecholic amino acids that may have gone undetected by assays
tuned to detect catechols as solution-state small molecules. Further molecular biological
work to isolate these peptides and study their activity in vivo is necessary to assess this
matter.
Our observation that both the tentacles and the ctenes of P. bachei only fluoresce
after an overnight treatment with formaldehyde demonstrates that this fluorescence is the
result of the slow reaction of formaldehyde with molecules in the tissue. FIF has
previously been used to detect and to distinguish dopaminergic and serotonergic neurons.
In general, the FIF emission peak moves to longer wavelength with additional
substitution on the aromatic ring; 5-hydroxytryptamine- and 5-hydroxytryptophan yield a
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green-yellow fluorescence, L-DOPA has an emission maximum around 480 nm, but an
overall greenish appearance due to the long tail of the spectrum, while 5hydroxydopamine (5-OH-DA) has an emission peak of approximately 500 nm that shifts
to 530-540 nm at high concentrations as seen in some vertebrate neurons (Tranzer and
Thoenen, 1967; Baumgarten et al., 1972).
Though the granules in the nerve net and in the colloblasts are presumably
functionally distinct, their FI fluorophores have similar emission spectra with a major
peak near 510 nm and multiple minor peaks at longer emission wavelengths. This is
consistent with the granules containing a complex mixture of multiply substituted
catecholic compounds, possibly at high concentrations. Furthermore, the observed
positive Arnow staining of TCA-precipitated protein pellets from both tentacle and
tentacle-free body tissue lysates suggests that these catecholic compounds are present in
proteins in these tissues.
Our evidence that catecholic amino acids are localized to the adhesive granules of
Pleurobrachia colloblasts suggests a role for these compounds in colloblast adhesion and
prey capture. This is potentially similar to mussel and polychaete adhesive systems.
Mussel byssus (Waite and Tanzer, 1980; Waite, 1983; Benedict and Waite, 1986; Deacon
et al., 1998; Zhao and Waite, 2006; Guerette et al., 2013) and tube-dwelling polychaete
cement (Zhao et al., 2005; Becker et al., 2012; Wang and Stewart, 2012) are both
secreted marine biological adhesives whose material properties are derived from
catecholic amino acids in polypeptides. However, whether this similarity constitutes a
synapomorphy either between annelids and mollusks or with ctenophores is difficult to
assess.
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In mussels, the inclusion of DOPA in byssal thread adhesive proteins is thought to
be mediated by a tyrosinase (Guerette et al., 2013). Tyrosinases are a class of enzymes
distinct from tyrosine hydroxylases in mechanism, substrate specificity, and expression
patterns. Pleurobrachia bachei and other ctenophores reportedly do not express tyrosine
hydroxylases (Moroz et al., 2014; Moroz and Kohn, 2015, 2016). This is notable because
in species that use catecholamines like dopamine as neurotransmitters, tyrosine
hydroxylase catalyzes the initial step of these molecules’ synthesis. Pleurobrachia bachei
does however express a transcript annotated as a tyrosinase (Moroz et al., NeuroBase).
Tyrosinases (sometimes referred to as polyphenol oxidases, monophenol monoxygenases,
catechol oxidases, cresolases, or catecholases) are well-known for their role in producing
melanin in vertebrates. They are, however, found in all domains of life and as their
numerous monikers suggest, they mediate reactions with various substrates to diverse
functional ends (Álvaro et al., 1995; Claus and Decker, 2006; Mayer, 2006; Decker et al.,
2007; Zaidi et al., 2014). Tyrosinases are characterized by an active site containing two
copper ions that are coordinated by six conserved histidine residues (Mayer, 2006; Zaidi
et al., 2014). The tyrosinase domain from the P. bachei genome exhibited these six
histidine residues in positions that were compatible with the ability to bind copper and
constitute an active site (Figure 4A, B), such that this sequence could encode an active
tyrosinase. Though the most well-known tyrosinase reactions are the conversion of
tyrosine to L-DOPA and the oxidation of L-DOPA to L-Dopaquinone (Raper, 1926;
Álvaro et al., 1995; Ito and IFPCS, 2003), other reactions, such as the hydroxylation of
L-DOPA residues in adhesive mussel foot protein peptides to 5-hydroxydopa (also
known as “L-TOPA”) have also been observed (Burzio and Waite, 2002). Additional
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reactions and substrates have been observed in plant and fungal systems (Mayer, 2006).
Because of the flexibility of phenol chemistry and the variable binding pocket geometry
of tyrosinases, sequence data alone is insufficient to predict the activity of a given
tyrosinase domain-containing protein. Thus, the presence of a tyrosinase domain in the P.
bachei genome is congruent with the multiply substituted catechols we observe in the
animal, but in the absence of experimental information about its enzymatic activity it
isn’t possible to say with certainty whether this enzyme is producing these residues.
Evidence of catecholic amino acids in P. bachei neurons is surprising, but not
without precedent in other phyla. Several species of anthozoans have also been found to
contain significant quantities of DOPA and DOPA-like derivatives such as 5cysteinyldopa and 5-hydroxydopa in their nerve nets (Carlberg et al., 1982; Carlberg,
1983, 1990; Hudman and Mcfarlane, 1995). In cnidarians, Carlberg and coworkers
suggest both that DOPA may be neuroactive in its own right, and that DOPA derivatives
such as 5-hydroxydopa play a role in modulating that activity (Carlberg, 1990). There is a
potential thread connecting this observation and catecholic adhesive proteins, as
anthozoan nerve nets have also been found to contain hydroxyarginine (Makisumi, 1961),
another non-canonical amino acid that is present in mussel byssus adhesive (Papov et al.,
1995). Chemical similarities in the nerve nets of ctenophores and cnidarians and the
adhesive structures of mussels, polychaetes, and ctenophore colloblasts are intriguing, but
it is unclear whether this is evidence of a deeply rooted origin for catecholic amino acids
in animal proteins, or a result of the labile chemistry of phenolic compounds.
The function of catecholic molecules in the ctenophore nerve net is unclear, but
the presence of o-diphenols there suggests that the story of neurotransmitter evolution is
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potentially more complicated than initially thought. The presence of catecholic amino
acids in colloblast adhesive proteins suggests an adhesion mechanism for these
organisms, and may also be evidence of an undescribed post-translational modification
mechanism. Evidence of catecholic amino acids in both colloblasts and amongst the
subepithelial nerve net highlights both the functional plasticity and evolutionary
complexity of biological catechols.
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Figure 2.1: Arnow’s reagent staining of ctenophore tentacles and protein extracts.
Whole animals and protein extracts before (panel A) and after (panel B) treatment with
Arnow’s reagent. Fixed P. bachei tentacles and AcOH/CTAB protein extracts from
tentacles stain a bright orange-red color, indicating the presence of o-diphenols.
Likewise, all protein pellets from tentacle-free body lysates stained orange. Egg albumin
pellets do not change color when stained, while solutions of pure L-DOPA turn bright
red, exhibiting absorbance peaks at 400 and 500 nm (panel B, dashed lines). No
ctenophore tissue supernatant samples showed positive Arnow staining.
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Figure 2.2: Microspectrofluorimetry of ctenophore tentacles and comb rows. A) FIF
images of P. bachei tentacle. B) Emission spectra associated with (A). C) FIF images of
comb row sections fixed overnight in PFA and excited by 405 nm laser light., D)
Emission spectra associated with (C).
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Figure 2.3: Immunohistochemical staining of ctenophore colloblasts and ctenes with
anti-DOPA antibody reveals granules. A) Immunostaining of fixed P. bachei tentacles
with an anti-DOPA antibody revealed closely packed, hemispherical arrangements of
punctate structures. B) detail of (A). C) Nonspecific binding control using anti-Rabbit
IgG secondary antibodies. Punctate structures remain visible, but are less well defined.
D) Primary anti-L-DOPA antibodies incubated with 10x molar excess pure L-DOPA. The
punctate staining pattern does not appear, but non-specific staining is present.. F) P.
bachei comb rows stained with anti-L-DOPA antibodies and fluorescent secondary
antibodies. G) Detail of (F). H) Fluorescent secondary antibodies only. I) anti-L-DOPA
antibodies pre-incubated with pure L-DOPA and fluorescent secondary antibodies.
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Figure 2.4: Sequence alignment and homology model structure of ctenophore
tyrosinase domain. A) Schematic representation of the key features of a tyrosinase
domain-containing protein from P. bachei. B) Alignment of core tyrosinase domains. Red
boxes show histidines that form the copper-binding active site, labeled arrows show
numbering in P. bachei sequence, black boxes show 100% conservation. C) Homology
model of the ctenophore tyrosinase domain showing the conserved active site histidine
residues and likely positions of copper ions
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Tables
Colloblast
granules
Colloblast
granules
Tentacle
background
Tentacle CTAB
Albumin CTAB

Tentacle
CTAB

0.66422002

Albumin
CTAB

0.93869828 0.475313506
0.842860476 0.966698952
0.701678388

Ctene
granule
Ctene granule
Ctene
background
Bodies CTAB
Albumin
CTAB

Tentacle
background

Ctene background Bodies CTAB
0.927177619
0.981182162
0.851720986

Albumin
CTAB
0.929045786
0.998263967
0.853178318

Table 2.1: Pairwise Pearson’s correlation coefficients for microspectrofluorimetry data
with 650 nm cutoff. All pairs of spectra share some similarity, but the most similar pairs
of spectra (highest values of 𝑟) from within the tentacle samples are colloblast
granules/tentacle CTAB pellet and tentacle background/albumin CTAB pellet, while in
the ctene samples, the most similar pairs of spectra are the ctene granules/bodies CTAB
and ctene background/albumin CTAB (green highlights).
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CHAPTER THREE: Ctenophore colloblast adhesive acts as a
biomechanical sensor for suitable prey

The contents of this chapter are currently under review at The Journal of Experimental
Biology
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Summary statement
Ctenophore colloblasts’ adhesive strength is measured and found to be relatively weak. A
physical model of prey capture demonstrates how a weak adhesive may filter out
dangerously unsuitable prey.

Abstract
Ctenophores are a group of largely-planktonic, gelatinous carnivores whose most
common method of prey capture is nearly a phylum-defining trait. Most ctenophores
utilize colloblasts, a cell type unique to the phylum which cover the animals’ tentacles
and serve to ensnare their prey. Colloblasts release an unknown, proteinaceous adhesive
on contact with prey when the granules that cover the cells’ exterior faces rupture.
Despite abiding interest in these cells and ctenophore feeding ecology, to our knowledge,
there are no extant studies of the mechanical properties of colloblast adhesive. Adapting a
technique for measuring surface tension, we examined the adhesive strength of tentacles
in the ctenophore Pleurobrachia bachei under varying pH and bonding time conditions,
and demonstrate the destructive exhaustion of colloblast adhesive release. We find that
colloblast-mediated adhesion is rapid, and that the bonding process is robust against
shifts in ambient pH. However, we find that Pleurobrachia colloblast adhesive is among
the weakest biological adhesives yet described. We place this surprising observation into
a broader ecophysiological context by modeling prey capture for prey of a range of sizes.
We find that the use of a low-strength adhesive with multiple points of contact, as often
occurs due to the fine arrangement of tentillae, is suitable both for capturing appropriately
sized prey and rejecting, by detachment, prey above a certain size threshold. This allows
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Pleurobrachia, lacking a mechanism to directly “see” potential prey they are interacting
with, to invest in capturing only prey of an appropriate size, decreasing the risk of injury.

Introduction
Ctenophores are a phylum of gelatinous zooplankton known for being voracious
and efficient ambush predators (Bishop, 1968; Greene et al., 1986; Haddock, 2007;
Tamm, 2014). Most species in the phylum fall within the class Tentaculata (Haddock,
2007), characterized by the presence of tentacles whose surface is covered with a type of
cell unique to ctenophores—colloblasts (Franc, 1978; Haddock, 2007; Tamm, 2014; von
Byern et al., 2010). The present study focuses on Pleurobrachia bachei, a tentaculate
ctenophore of the order Cydippida. Members of this order possess a pair of tentacles,
often with numerous, evenly-spaced, smaller tentillae extending perpendicularly off the
main tentacle body. While hunting, cydippid ctenophores tend to keep their tentacles and
tentillae extended, waiting for prey to drift into the resulting dragnet (Haddock, 2007;
Tamm, 2014). When a prey animal makes contact with or comes near the tentacles, the
colloblasts are launched toward the prey, tethered by “spiral filaments” to the tentacle
body (Franc, 1978; von Byern et al., 2010). The surface of the bouquet-shaped colloblasts
is covered with numerous granules filled with an unknown adhesive (Franc, 1978). On
contact with prey, the granules in these cells rupture, coating the surface of the nowcaptured prey in a sticky, proteinaceous substance (Franc, 1978; von Byern et al., 2010).
This discharging action destroys the colloblasts, so these one-time use cells must be
continually replaced by differentiation from epithelial stem cells. (Alié et al., 2011;
Franc, 1978; Hernandez-Nicaise, 1991)
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Ctenophores’ hunting technique is reminiscent of the ambush strategy of orb
weaver spiders (Greene et al., 1986) and the spring-loaded mechanism that propels
colloblasts to their targets is similar to the harpoon-like stinging cells in cnidarians, called
nematocytes or cnidocytes (Holstein and Tardent, 1984; Kass-Simon and Scappaticci, Jr.,
2002; Nüchter et al., 2006; Tamm, 2014). However, the use of adhesive-, rather than
venom-loaded cells attached to an organ such as the tentacles as opposed to an external
structure like a spider’s web, in addition to the unique cellular physiology of the
colloblast have made colloblasts a quasi-phylum-defining trait (Dunn et al., 2015).
Despite the conspicuousness of colloblast-covered adhesive tentacles as a trait, many
physical and biochemical questions about colloblasts remain open: how strong is
colloblast adhesive? how quickly does it bond to a target? is adhesion affected by
ambient water conditions? Understanding the answers to these questions would aid our
understanding of colloblast adhesive as a unique biomaterial and inform the potential
limitations it puts on ctenophore predation.
In this study, we adapt instrumentation for measuring surface tension (the
cohesive force that minimizes the surface area of a fluid) to measure the adhesive force
exerted by the colloblast adhesive of Pleurobrachia bachei. Using our method, we can
control what region of the tentacle is probed as well as the ambient water conditions that
the tentacle and its colloblasts experience. Our results suggest that colloblast adhesive is
fast-acting and functions despite shifts in ambient pH, suggesting that the ctenophore
adhesive apparatus may operate under tight chemical regulation, similar to mussel byssus
(Carrington et al., 2015; Martinez Rodriguez et al., 2015; O’Donnell et al., 2013; Waite,
2017).
54

Our data demonstrate that ctenophore prey capture, mediated by colloblast adhesion, is a
robust mechanism that acts quickly to ensnare prey under a variety of conditions. Further
understanding of this adhesive at the cellular level of its production and release is aided
by understanding its physical properties, and our novel measurement technique provides
a platform for exploring this topic. Furthermore, the burgeoning understanding of
colloblasts is itself integral to our understanding of ctenophore ecology in a rapidly
changing marine environment as well as the role of this early-diverging animal lineage in
the larger story of animal cell type evolution (Ryan et al., 2013).

Methods
Sample collection
Pleurobrachia bachei were collected by dip cupping at the docks at the University of
Washington’s Friday Harbor Labs in Friday Harbor, WA. (48.545234, -123.012020) Live
animals were shipped overnight to the University of Pennsylvania for testing, where they
were kept in filtered seawater (FSW) at 4-10°C prior to use. Animals were used in
experimental trials within a week of arrival and were not fed during this time.

Adhesive force measurement
Tentacles were dissected and immediately laid on clean, untreated glass slides (Corning
Inc.; Corning, NY). Excess water was blotted from the tentacles using a Kimwipe
(Kimberly-Clark; Roswell, GA), and 200 μl of 0.22 μm vacuum-filtered seawater was
added back to the tentacle to form a droplet around it (Fig. 3.1A). This prepared slide was
then positioned in a Kibron EZ-Piplus single channel surface tensiometer with a 0.5 mm
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diameter DyneProbe probe with hydrophilic surface chemistry attached (Kibron Inc.;
Helsinki). The probe has a flat contact surface profile, forming a circle 0.196 mm2 in
area. The probe was lowered onto the tentacle at a rate of 0.0125 mm s-1, and allowed to
rest on the surface of the tentacle to “cure” for a range of time intervals before being
raised up, again at 0.0125 mm s-1. Our reported values for adhesive force (Fadhesion)
represent the difference between the maximum force experienced by the probe as it was
being lifted off the tentacle and the force on the probe as it made contact with the tentacle
(Fig. 3.1B). Though we refer to these values as “forces,” or “adhesive strength” for
lexical ease they are more properly considered as an adhesive pressure—the adhesive
force experienced across the surface area of the probe. Because the contact area of our
probe is similar to that of a ctenophore’s small prey (Bishop, 1968), we report our values
as ecologically relevant forces. Unless otherwise noted, different, randomly selected
spots on fresh tentacles were used for each trial, the probe rested on the tentacle for 60
seconds, and the probe was cleaned between trials by heating the tip of the probe until red
hot, then wiping the probe down with an ethanol-soaked Kimwipe

Adhesive depletion/buildup assay
The adhesive force assay described above was repeated, but modified to probe the same
spot on a tentacle multiple times, either cleaning the probe in between these trials
(adhesive depletion) or not (adhesive buildup). Two different tentacles were used for
these two series of repeated measurements.
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Time dependence assay
The adhesive force assay described above was repeated, but the time the probe was
allowed to rest on the tentacle to “cure” before being pulled up was varied from between
5 and 600 seconds. The lower bound of 5 seconds represents the smallest reliable time
period for the tensiometer to reverse the probe movement after stopping.
pH dependence assay
To assess the effect of ambient pH on adhesive force, the assay described above was
repeated with artificial seawater (ASW) of varying pH. ASW was composed of Instant
Ocean Sea Salt (Instant Ocean; Blacksburg, VA) mixed with deionized water to a specific
gravity of 1.025. ASW was filtered to 0.22 μm and the pH adjusted to the test value using
either concentrated HCl or 10 M NaOH as measured with a Accumet AP125 pH meter
(Fisher Scientific; Pittsburgh, PA). After mounting the tentacle on the glass slide and
blotting away excess seawater, 10 μl of pH adjusted ASW was added to the tentacle to
both rinse it and avoid shocking the tentacle with a sudden shift in pH. Then, this water
was also blotted away and 200 μl of the same solution of pH adjusted ASW was added to
form a droplet around the tentacle. This prepared slide was then tested as above.

Results
Baseline force and adhesive buildup/depletion
We conducted two series of repeated measurements of the adhesive force arising from a
single spot on two different P. bachei tentacles (Fig. 3.2). In one series, we cleaned the
measuring probe between measurements, removing any adhesive substances released by
the colloblasts. In the other series, the probe was not cleaned, allowing any adhesive
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substances released by the colloblasts to build up on the probe’s surface. Both series
began with a starting value of about 200 micronewtons (μN) of adhesive force, which we
subsequently take as an rough “baseline” adhesive force value. In the series of trials with
probe cleaning, the adhesive force drops asymptotically to zero (fit to the model: 𝑦 =
386.8 ⋅ 𝑒 −0.6781𝑥 with 𝑅 2 = 0.99). Based on these data, we defined a rule stating that if
the measured adhesive force was less than 100 μN (about half of the baseline value) in a
trial, the probe had not fully adhered to the tentacle. Data from such trials were still
recorded, and are presented here, but were not factored into summary statistics.
In the series of trials without probe cleaning, the measured adhesive force hovered around
the baseline value of 200 μN for the first three trials, after which it gradually increased
before plateauing around 300 μN.

Curing time
Though tentaculate ctenophores ambush and ensnare their prey, and adhesion is thus
presumed to happen rapidly, it is unclear precisely how rapidly adhesion may occur and
if the bond may increase in strength if allowed to cure for longer amounts of time. To
investigate this issue, we assayed the effect of curing time on colloblast adhesion by
probing the tentacle, this time at a fresh spot on a new tentacle between trials, while
varying the length of time the probe sat on the tentacle surface (Fig. 3.3). The mean
values for the 60, 180, and 600 second groups were similar, approximately 160 μN. The
mean value for the 5 second group was slightly higher than those groups at ~182 μN and
the mean for the 600 second group was slightly lower at ~130 μN. However, we cannot

58

reject the null hypothesis of one-way ANOVA that the curing time group means are the
same (F-statistic = 0.4454; p-value = 0.7742).

pH dependence assay
Ambient pH can significantly affect aquatic life in general and chemical adhesion
more specifically, an effect that has been studied extensively in the adhesive system of
mussel holdfasts (Carrington et al., 2015; Martinez Rodriguez et al., 2015; O’Donnell et
al., 2013). With this in mind, we measured the adhesive force of P. bachei tentacles in
artificial seawater adjusted to four different pH conditions: 9.0, 8.2 (approximately
“standard” ocean surface pH), 7.0, and 6.0 (Fig. 3.4). The median values for adhesive
force at pH 7.0 (217 μN), 8.2 (214 μN), and 9.0 (185 μN) are similar to one another and
comparable to the baseline adhesive force of ~200 μN seen in our adhesive depletion and
buildup assays (Fig. 3.4), while the median adhesive force at pH 6.0 (154 μN) is the
lowest observed among our trial groups. However, Furthermore, there is no statistically
significant different between the pH group means by one-way ANOVA (F-statistic =
0.2701; p-value = 0.8466). Furthermore, the 95% CI about the median in the pH 6.0
condition extends below the 100 μN cutoff for our definition of an adhered tentacle trial,
meaning that we cannot say with statistical confidence that the true median trial for this
condition is, by our standards, adhered to the test probe.
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Discussion
Our data support two commonly presumed properties of colloblast adhesion—that
the adhesive is an expendable chemical substance released from the tentacles and that this
adhesive is fast-acting (Franc, 1978; Tamm, 2014; von Byern et al., 2010). When a single
spot is probed multiple times and the probe is cleaned between trials, the adhesive force
precipitously decreases, but if the probe is not cleaned between such trials, the adhesive
force gradually increases and plateaus. These observations are consistent with a system in
which colloblast adhesive is stored in and released from a finite population of granules on
the tentacle surface. On each trial in serial measurements at a single point on the
tentacle’s surface, the test probe contacts some fraction of the colloblast adhesive
granules within that area, causing some of those granules to be expended by bursting and
releasing their adhesive on the probe. In subsequent trials, fewer and fewer granules
remain intact with their adhesive unreleased. When the probe is cleaned between trials,
this appears as a depletion of adhesive force in that spot, and when the probe is not
cleaned between trials, this appears as adhesive building up on the probe, gradually
reaching a maximum. This result is in line with microscopic studies of colloblasts but,
this is, to our knowledge, the first mechanical demonstration that a substance that is
released from the tentacles is directly responsible for the adhesion of the tentacles to their
target.
The adhesive in ctenophore colloblasts also acts rapidly: the adhesive force
measured when the probe had been allowed to cure for 5 seconds was comparable to the
force measured when it had been allowed to cure for 10 minutes. The adhesive may be
fully cured in less than 5 seconds’ time. Given that tentaculate ctenophores are
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ambush/entanglement-predators not unlike spiders in their approach to feeding, this is a
reasonable conjecture.
Interestingly, colloblast adhesive appears to function with similar efficiency
across the wide range of ambient pH values tested. This implies that either the adhesive
substance and its chemical mechanism of adhesion are relatively resistant to shifts in pH
or that the pH of the adhesive granules themselves is controlled or buffered and adhesion
occurs rapidly after the granules rupture, leaving little time between granule rupture and
bonding to prey for pH to effect adhesion.
For our tests, we utilized a tensiometer probe with hydrophilic surface chemistry.
This type of surface is useful because it strongly maintains a layer of water around the
probe that must be displaced or coordinated with in order for colloblast adhesive to
adhere to the probe’s surface. Ctenophore prey items in the wild likely run a wide gamut
of surface chemistries that are difficult to characterize in practice, but our approach
provides a reasonable baseline by making water a significant barrier to interacting with
the probe surface.
If we compare the adhesive strength of Pleurobrachia bachei colloblasts to other
studied biological adhesive systems in terms of force per unit area, colloblast adhesive
appears relatively weak (Fig. 3.5). Adhesive systems involved in anchoring whole
animals, such as gecko setae (foot hairs) and mussel byssus (holdfasts) are about two
orders of magnitude stronger than colloblast adhesive (Autumn et al., 2000; Lin et al.,
2007; Waite, 2017). This is perhaps unsurprising given that these systems need to
securely support the entire mass of these much larger animals against the relatively large
forces of gravity for a climbing gecko and wave action for an anchored mussel.
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Interestingly, the adhesive strength of colloblasts is of the same order of magnitude as
most orb weaver spider webs’ viscous capture threads (Opell and Hendricks, 2007).
Typical orb weaver prey, such as large insects (Blackledge and Zevenbergen, 2006;
Chacón and Eberhard, 1980; Herberstein and Heiling, 2013), can be significantly larger
than typical ctenophore prey, such as copepods (Haddock, 2007; Tamm, 2014). However,
orb weavers also deploy a combination of attack strategies, such as venom and bundling
prey in silk to fully restrain their quarry after its initial contact with the web (Harwood,
1974). Compare this to Drosera (sundews), a genus of carnivorous plants that, like orb
weaver spiders, feed primarily on insects. Sundews trap their prey on sticky, glandular
stalks that project from their leaves, each tipped with a drop of mucilage. Like
ctenophores, the sundew’s capture structure relies on adhesive strength—there is no
venom. Though some species of Drosera, such as Drosera capensis, can curl their leaves
around struggling prey to bring more stalks into contact, there is no additional material
being produced, in contrast to the bundling of prey by orb weavers. And unlike unlike orb
weavers or ctenophores, who move prey from a capturing structure to their mouths to
feed, sundews must hold captured prey in place for hours as they digest it using secreted
enzymes. (Adlassnig et al., 2010; Huang et al., 2015; Naidoo and Heneidak, 2013)
Perhaps accordingly, sundew mucilage is among the stickiest naturally occurring
adhesives described—about 400,000 times stronger than colloblasts (estimated from
Huang et al., 2015).
It’s clear from both field and laboratory observations that ctenophore colloblasts
are sufficiently sticky to capture the prey these animals need to survive (Bishop, 1968;
Franc, 1978; Greene et al., 1986). But it’s not immediately obvious why Pleurobrachia
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might employ such a weak adhesive system. While the ultimate teleological answer to
this question is a complex, evolutionary matter outside the scope of this study, our data
allow us to suggest one potential explanation of how the properties of colloblast adhesive
might be particularly useful for a hunting ctenophore. Here, we present a model
describing how a relatively weak adhesive can mechanically filter prey by size for an
animal otherwise lacking the ability to “see” their quarry.
Pleurobrachia commonly prey upon small animals such as copepods (Haddock,
2007; Tamm, 2014). They utilize an ambush hunting strategy reminiscent of orb-weaver
spiders (Greene et al., 1986)—extending their tentacles and fanning out their numerous
secondary tentillae, then waiting for prey to close in, ensnaring them in this sticky “web.”
The close arrangement of tentillae increases the likelihood that prey items encountering
the net will interact with and become entangled in multiple tentillae. This entanglement
phenomenon, and the fact that the tentacular apparatus is a living organ whose loss or
damage has a negative impact on feeding, are each essential to understanding how
ctenophores may leverage their low-strength adhesive to discern and handle appropriately
sized prey.
Consider a hypothetical prey item, modeled as a sphere with a radius, 𝑟𝑝𝑟𝑒𝑦 that
has values within a range of 0.1–3.0 mm, which encompasses the range of nauplii and
copepod sizes (radii of approximately 0.11–1.5 mm) for which data on Pleurobrachia
prey capture exist in addition to hypothetical prey larger than those known to be reliably
captured by Pleurobrachia. This prey has a mass, 𝑚𝑝𝑟𝑒𝑦 based on a copepod density
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value, 𝜌𝑝𝑟𝑒𝑦 , of 1,050 𝑘𝑔 𝑚−3 as estimated from available literature (Knutsen et al.,
2001), thus,
𝑚𝑝𝑟𝑒𝑦 (𝑟𝑝𝑟𝑒𝑦 ) =

4 3
𝜋𝑟
⋅𝜌
3 𝑝𝑟𝑒𝑦 𝑝𝑟𝑒𝑦

(1)

When an individual tentillum, measured from our micrographs to be 30 microns wide
(𝑤𝑡𝑒𝑛𝑡𝑎𝑐𝑙𝑒 ), makes contact with the prey, it wraps a third of the way around the sphere’s
circumference and adheres with a contact area, 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡 (𝑟𝑝𝑟𝑒𝑦 ) =

2𝜋𝑟𝑝𝑟𝑒𝑦
⋅ 𝑤𝑡𝑒𝑛𝑡𝑎𝑐𝑙𝑒
3

(2)

Additional tentillae can contact the prey and adhere in the same fashion. The total
adhesive force is proportional to the surface area of all 𝑛 tentillae adhered to the prey,
given the measured adhesive strength value, 𝑃𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 , of 1,000 𝑁 𝑚−2 (computed from
the observed value of ~200 𝜇𝑁 over a flat, circular probe with a 0.5 𝑚𝑚 diameter). As
an escape response, prey accelerate directly away from the adhering surface of the
tentacle, generating a maximum force proportional to their mass, as inferred from video
analyses and hydrodynamic modeling of copepod escape behavior (Kiørboe et al., 2010).
For this model, we consider a representative value for the mass-specific force of
100 𝑁 𝑘𝑔−1 . The units of mass-specific force (𝑁 𝑘𝑔−1 ) are equivalent to those of
acceleration (𝑚 𝑠 −2) so we denote the value in our model as 𝑎𝑝𝑟𝑒𝑦 . From these premises,
we can construct the following model for total adhesive force and escape force,
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𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 (𝑛, 𝑟𝑝𝑟𝑒𝑦 ) = 𝑛 ⋅ 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡 (𝑟𝑝𝑟𝑒𝑦 ) ⋅ 𝑃𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛

(3)

𝐹𝑒𝑠𝑐𝑎𝑝𝑒 (𝑟𝑝𝑟𝑒𝑦 ) = 𝑚𝑝𝑟𝑒𝑦 (𝑟𝑝𝑟𝑒𝑦 ) ⋅ 𝑎𝑝𝑟𝑒𝑦

(4)

Because we take these forces to be directly opposed to one another, we can compute and
plot the difference of these forces,

𝐹𝑛𝑒𝑡 (𝑛, 𝑟𝑝𝑟𝑒𝑦 ) = 𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 (𝑛, 𝑟𝑝𝑟𝑒𝑦 ) − 𝐹𝑒𝑠𝑐𝑎𝑝𝑒 (𝑟𝑝𝑟𝑒𝑦 )

(5)

Thus, when 𝐹𝑛𝑒𝑡 is positive, the force of adhesion is greater than the force of the
prey attempting to escape, and the prey remains adhered. When 𝐹𝑛𝑒𝑡 is negative, the
escape force wins out, and the animal is released. We consider 𝑛 within a range of 1 (a
single tentillum) to 50 (approximately the total number of tentillae present on an entire
single adult Pleurobrachia tentacle, estimated from photographs). We compute 𝐹𝑛𝑒𝑡 only
when the condition 𝑛 ⋅ 𝑤𝑡𝑒𝑛𝑡𝑎𝑐𝑙𝑒 ≤ 2𝑟𝑝𝑟𝑒𝑦 is satisfied, a rough boundary condition
reflecting that a prey item cannot have more than its diameter’s worth of tentacles
adhered across its surface.
Plotting 𝐹𝑛𝑒𝑡 (𝑛, 𝑟𝑝𝑟𝑒𝑦 ) using the observed value for 𝑃𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 in Pleurobrachia
tentacles of 1,000 𝑁 𝑚−2 (Fig. 3.6A), reveals several interesting patterns. Small prey
items with radii less than 0.5 mm adhere and stay adhered on contact with even a single
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tentillum. Making contact with other tentillae only enhances this effect. A medium-sized
prey item with a radius of 0.5-0.7 mm however, must make contact with two to three
tentillae in order to stay adhered, while large prey models, such as the model with a
radius of 1.5 mm, escape unless 12 or more tentillae adhere to it. The largest prey models
shown, between 2.5 and 3.0 mm, will not stay adhered unless they make contact with two
thirds or more of the tentillae on the entire tentacle. Because 𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 is highly
dependent on the available contact area, and thus the prey radius, the slope of 𝐹𝑛𝑒𝑡 as a
function of tentacles adhered increases with increasing prey size.
The overall pattern of size-dependent prey capture rates depicted in this model is
consistent with laboratory observations of Pleurobrachia feeding (Greene et al., 1986).
Although the distance between tentillae can vary based on how relaxed the tentacles are
overall, and the tentillae are allowed to drift freely in three dimensions, an approximate
0.5-1.0 mm spacing between tentillae is a reasonable estimate for most conditions.
Intuitively then, one would not expect even a prey item 3 mm in total length to make
contact with the 12 tentillae needed for its capture, even under ideal circumstances,
whereas prey 1 mm in total length likely stand a better chance of making contact with the
two tentillae necessary for successful adhesive capture.
Real-world prey introduce a number of other factors including irregular surface
geometry and the effects of entanglement on the ability to produce an effective escape
response, but this model illustrates a key point for understanding why colloblast adhesive
may be so weak compared to other systems. Namely, ctenophores appear to rely on
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multiple tentillae adhering to prey to both provide sufficient adhesive force and spread
out the potentially damaging force that attempted prey escape responses generate.
This overall effect is critical for ctenophores. Lacking any familiar means to sense the
size of the prey that they are encountering as they lay in ambush, ctenophores need some
means to accept prey of a size that they can restrain and consume, and reject those items
that it cannot. There is evidence that tentaculate ctenophores like P. bachei are capable of
autotomizing their tentillae under duress (Glynn et al., 2014; Moss et al., 2004), but
subsequent regeneration of tentacular tissue introduces a significant metabolic cost
(Bading et al., 2017; Maginnis, 2006). The prey capture system described by our model
may help to mitigate these risks. Here, prey are mechanically sorted by size via a low
strength adhesive requiring multiple points of contact in order to capture larger prey. This
minimizes the risk that a ctenophore will overinvest in prey that are too large for them to
handle or consume without injury. If we consider the same model as described above,
modifying only the value of 𝑃𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 to be 10 times weaker at 100 𝑁 𝑚−2 , we obtain a
model ctenophore that needs many tentillae to adhere to catch even the smallest prey
items (Fig. 3.6B). This hypothetical animal is safe from biting off more than it can chew,
but is unlikely to capture all but the smallest prey. If the adhesive strength parameter is
made 10 times larger than the observed value, such that 𝑃𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 = 10,000 𝑁 𝑚−2, we
see that most model prey items considered strongly adhere with only one or two tentillae
attached (Fig. 3.6C). Even prey with diameters of 6 mm, a size approaching the
centimeter length scale corresponding to the total body length of an adult Pleurobrachia,
are within reach for this hypothetical ctenophore, requiring only 5 tentillae to adhere
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before they can be restrained. These large prey items present increasing risk for injury,
with a decreasing likelihood of successful handling and feeding. In laboratory conditions,
successful capture and handling of prey items in excess of 1.5 mm of total length is very
rare (Greene et al., 1986). Large prey such as these tend to detach and escape rather than
causing damage, but a very strong colloblast adhesive might preclude this safe rejection
and release mechanism. The measured adhesive strength of 1,000 𝑁 𝑚−2 allows P.
bachei to occupy a happy biomechanical medium, where a range of reasonable prey sizes
can be reliably handled, while larger, potentially stronger prey are allowed to safely
detach.
The biomechanical analogy between ctenophore tentacles and orb-weaver spider
webs may run deeper still if there is any correspondence between mean tentillae spacing
and average prey size between different species of ctenophores, or if ctenophores of a
single species can modulate tentillae spacing as a function of behavior or development to
select for different prey. This would be similar to the effect of mesh spacing in spider
webs on retained prey, a different kind of biomechanical prey filtering mechanism
observed under a variety of experimental conditions (Blackledge and Zevenbergen, 2006;
Chacón and Eberhard, 1980; Harmer et al., 2015; Herberstein and Heiling, 2013). Further
observations of diverse ctenophoran feeding behavior, both in situ and in the lab will be
necessary to address this point.
We measured the adhesive strength of colloblast adhesive in the ctenophore
Pleurobrachia bachei by adapting an instrument for measuring surface tension and a
probe of known surface chemistry and geometry to determine the force required to detach
this probe once it had bonded to live, dissected tentacles. Using this setup, we
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demonstrated that colloblast adhesive is released destructively and bonds to its target in
seconds, confirming two key properties of these one-time-use cells. Furthermore, we
showed that the bonding of this adhesive was robust to a wide range of ambient pH
conditions. Surprisingly, we found that in terms of adhesive force per area, colloblast
adhesive is among the weakest biological adhesives yet studied. However, by considering
colloblast adhesive in the context of Pleurobrachia bachei feeding behavior and
modeling a range of prey size and tentillae contact scenaros, we postulate that this lowstrength adhesive may serve a key purpose. Pleurobrachia rely on prey colliding with the
animal’s meshwork of tentillae, which are themselves an organ whose damage would put
the animal at a disadvantage in feeding. With no way to otherwise “see” directly what
prey they are catching or how massive it is, ctenophores need a mechanism to select for
appropriate prey items. Colloblast adhesive’s relatively low strength means that for all
but the smallest prey items, multiple points of contact are necessary to securely handle
potential prey, and that above a certain size, it is unlikely that enough contact can be
made to secure the catch, allowing these very large prey items to safely detach without
doing substantial damage to the ctenophore. These observations suggest that the material
properties of ctenophore colloblast adhesive may be tuned to facilitate the complex task
of passively selecting appropriate prey.

List of symbols used:
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𝑚𝑝𝑟𝑒𝑦 – prey mass
𝑟𝑝𝑟𝑒𝑦 – prey radius
𝜌𝑝𝑟𝑒𝑦 – mass density of prey
𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡 – contact area of prey with tentilla
𝑤𝑡𝑒𝑛𝑡𝑎𝑐𝑙𝑒 – tentillae width
𝑛 – number of tentillae adhered
𝑃𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 – adhesive pressure exerted by adhesive material
𝑎𝑝𝑟𝑒𝑦 – mass-specific escape force (escape acceleration)
𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 – total adhesive force restraining prey
𝐹𝑒𝑠𝑐𝑎𝑝𝑒 – total escaping force generated by prey
𝐹𝑛𝑒𝑡 – net force acting on prey
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Figures

Figure 3.1: Schematic of experimental setup and resulting data. As described in
Methods, a dissected tentacle is laid on a clean glass slide and surrounded by a droplet of
seawater. The experimental probe of a tensiometer is lowered through the water onto the
tentacle and allowed to adhere to its surface. As the probe descends through the droplet, it
is opposed by a buoyant force proportional to the volume of probe that has been
submerged (cf. negative slope of the force trace before the magenta circle). At the point
of contact with the tentacle (magenta circle), this gradual decrease in force stops and is
replaced by a sudden, sharp drop to approximately no force as the probe lifts off from the
tensiometer’s cantilever sensor as the probe can no longer move down. Then, the probe
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is retracted from the tentacle until it detaches from the tentacle surface. The difference
between the force on the probe as makes context with the tentacle and the maximum
force it experiences before detachment is the “adhesive force” we report (red bar with
whiskers). It should be noted however, that this value is in fact a pressure, a force
experienced over the contact area of the probe with the tentacle.
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Figure 3.2: Plot of adhesive forces from repeated measurements at a single spot on
two different P. bachei tentacles with two different testing protocols. Between trials,
the testing probe was either cleaned, presumably removing any residual adhesive, or left
uncleaned, presumably allowing adhesive to build up on the surface of the probe until all
available adhesive at that spot is depleted. From this experiment we define 100 μN of
adhesive force as an experimental threshold for determining adhesion: if a trial yielded a
value lower than this, we consider the probe to be not adhered and we omit that trial in
calculating summary statistics.

77

Figure 3.3: Adhesive force did not significantly depend on the amount of time that
the adhesive was allowed to cure. No curing time trial groups’ means differ by one-way
ANOVA, suggesting that P. bachei colloblast adhesive both acts rapidly and once
attached, may remain bonded for some time. Filled circles = data points; filled dash =
mean; whiskers = standard deviation of the mean.
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Figure 3.4: Under varying ambient pH conditions P. bachei tentacles show similar
median adhesive forces. The median adhesive force values for pHs 7.0, 8.2, and 9 (217,
208, and 186 μN respectively) appear to center around the 200 μN baseline value
obtained in our adhesive buildup and depletion assay (Figure ), whereas the median
adhesive force value for pH 6 (153 μN) is substantially lower. Additionally, the 95% CI
about the median at pH 6 extends beyond the 100 μN cutoff for defining successful
adhesion of the probe to the tentacle, meaning that even while excluding trials meeting
our definition of non-adherence, we cannot reject the notion that the true median adhesive
force value at pH 6 does not fit within that definition. Colored boxes = interquartile range
(IQR); grey line through boxes = median; whiskers = 1.5x IQR notches = 95%
confidence interval about the median.
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Figure 3.5: Comparison of various biological adhesive systems by adhesive force per
unit area. The adhesive force generated by ctenophore colloblast adhesive is among the
lowest of biological systems that have been examined. However, it is of the same order of
magnitude of stickiness as most orb weaver spider webs’ viscous capture threads.
Adhesive systems involved in anchoring a whole animal (gecko setae and mussel
byssus), rather than prey capture, tend to be significantly stickier, with the exception of
sundew stalks. This may be because although sundews and orb weaver spiders both tend
to catch larger prey than ctenophores, orb weavers also use venom and web bundling to
further immobilize ensnared prey. Ctenophore, orb weaver spider, and gecko silhouettes
downloaded from the PhyloPic database (http://phylopic.org). Mussel and sundew
silhouettes created from images by the Freshwater and Marine Image Bank at the
University of Washington and Petr Dlouhý, respectively.
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Figure 3.6: Modelling the net force on hypothetical escaping prey items adhered to
multiple ctenophore tentillae. We developed a simple model for estimating the total
adhesive force (Eqns. 2 and 3) and the escape force (Eqn. 4) acting on prey of with
constant density and plot the difference of the adhesive and escape forces as a function of
prey radius and the number of tentillae in contact with the prey (Eqn. 5). If 𝐹𝑛𝑒𝑡 is
positive, the adhesive force exceeds the opposing escape force, and the prey remains
stuck (large pink circles). If 𝐹𝑛𝑒𝑡 is negative, the escape force wins out, and the prey is
released from the tentillae (small black circles). Only an adhesive of the approximate
order of magnitude strength as we observed (A) allows for a relatively wide range of
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acceptable prey while still allowing for the release of very large prey ( ≥1.5 mm radius).
If the adhesive’s strength were 10 times weaker (B), only a very narrow range of very
small prey could be captured, whereas if it were 10 times stronger (C), prey items of
unmanageably large sizes not reliably handled in nature would easily adhere to even a
single tentillum. This would expose the animal to potentially severe tentacle damage
from the force of very large escaping prey which the animal may not even be able to
consume.
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CHAPTER FOUR: Description of a novel deep-sea ctenophore and
implications for ctenophore biodiversity

The contents of this chapter are under revision for resubmission to ZooKeys
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Abstract

We present a description of a novel genus and species of mertensiid ctenophore,
Vampyroctena delmarvensis gen. nov. sp. nov. This ctenophore, collected in the
Northwest Atlantic Ocean in mesopelagic waters off the coast of Delaware, has bright red
mesoglea, large paragastric diverticulae, deep red macrocilia, and a darkly pigmented gut.
A molecular phylogenetic analysis of Ctenophora based on transcriptomic data places V.
delmarvensis as the closest known relative to Euplokamis dunlapae, in a clade that is
sister to all other ctenophore lineages. Additional 18S rRNA phylogenetic analyses with
better taxon sampling reveal that Euplokamididae Mills, 1987 falls within a paraphyletic
Mertensiidae L. Agassiz 1860. Based on these results, we synonymize Euplokamididae
with Mertensiidae to unify the latter family into a single monophyletic clade consistent
with available molecular data.

Keywords: 18S, ctenophore, Ctenophora, Euplokamididae, Mertensiidae, molecular
phylogeny, synonymy

Introduction

Ctenophora is a phylum of gelatinous marine animals found throughout the
world’s oceans. Of the over 150 species of ctenophores that are currently described, all
are carnivorous and most are planktonic (Pang and Martindale 2008, Mills 2017).
However, increased sampling since the late 1970s has revealed abundant, previously84

undescribed ctenophore biodiversity (Harbison et al. 1978, Matsumoto 1988, Matsumoto
and Gowlett-Holmes 1996, Horita 2000,Harbison et al. 2001, Gershwin et al. 2010,
Lindsay 2007, 2017). We present a description of one such mesopelagic ctenophore,
Vampyroctena delmarvensis gen. nov. sp. nov., collected by midwater trawling in the
Northwest Atlantic Ocean off the coast of Delaware, U.S.A. Phylogenetic analyses based
on 18S rDNA and transcriptomic data provide a more detailed picture of intra-ctenophore
phylogenetic relationships. In addition to placing Vampyroctena within Mertensiidae, our
analyses show that Mertensiidae is paraphyletic, as the monotypic Euplokamididae is
nested within mertensiids. We consolidate mertensiid ctenophore taxonomy in a manner
consistent with available phylogenetic evidence by synonymizing Euplokamididae with
Mertensiidae.

Methods

Sample collection and observation
Vampyroctena delmarvensis gen. nov. sp. nov. specimens were collected on 3
May, 2016, approximately 160 km off the coast of Delaware, at two trawling sites within
10 km of each other (GPS coordinates: 37.858, -73.382 and 37.918, -73.337) aboard the
R/V Hugh R. Sharp. Sampling occurred at a depth of approximately 700 m using a
Mother Tucker trawl net with a thermally insulated cod end (Childress et al. 1978).
Collection of intact specimens of soft-bodied animals such as ctenophores was made
possible by this cod end’s unique design, consisting of an insulated cylinder with an
approximately 10 cm inner diameter and spring-loaded ball valves at both ends. A fine
85

mesh barrier at the rear of the cod end allowed water to pass through, but gently trapped
any specimens passing through. After lowering the cod end and net to an appointed
depth, when sampling is completed, a remote mechanical trigger was used to
simultaneous shut the net and both of the cod end’s ball valves. This dual action traps any
organisms collected at depth with ~10 L of ambient water. As a result of insulation in the
cod end, samples and water are maintained at the same temperature as at the collection
depth for the duration of the cod end’s subsequent return to the surface.
One individual of Lampea sp. was also sampled for additional taxonomic
diversity on 2 May, 2016 at a depth of approximately 350 m (GPS coordinates: 38.146, 73.179) by the same collection method. Samples were kept in 4 liter glass holding tanks
for photographs and observation. Vampyroctena delmarvensis specimens were observed
with occasional changes of seawater collected from the sampling depth. During this time,
photographs were taken using a Nikon D300 DSLR camera, and extensive morphological
and behavioral notes were collected. Tissue clips from Vampyroctena delmarvensis and
Lampea sp. were taken from comb rows, the aboral organ, and surrounding tissues.
Tissue clips were placed in RNAlater and preserved in a -80 °C ultracold freezer prior to
RNA isolation and extraction. One intact V. delmarvensis individual was placed in 95%
ethanol after making behavioural and morphological observations.

RNA extraction, transcriptome sequencing, and bioinformatics
Tissue was thawed and ground with an Omni International TH-O1 tissue
homogenizer, followed by immediate RNA extraction using the Qiagen RNeasy
extraction kit (Hilden, Germany) following manufacturer’s instructions. RNA was sent to
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the Genomic Services Lab at Hudson Alpha Institute of Biotechnology for cDNA library
construction and sequencing on an Illumina HiSeq 2500 using 125bp paired-end
chemistry.
Raw Illumina reads were assembled using Trinity version 2.3.2 (Grabherr et al.
2011). Read quality filtering and trimming of Illumina adapter sequences were done with
Trimmomatic (Bolger et al. 2014) using default parameters. Reads were digitally
normalized and assembled using default Trinity parameters. Additional transcriptomes
were also retrieved from past studies (Ryan et al. 2013, Moroz et al. 2014, Whelan et al.
2017) for phylogenomic analyses (Table 1).
Open reading frames in each transcriptome were identified and translated with
TransDecoder (Grabherr et al. 2011). Resulting peptide sequences were passed to
HaMStR v13.2 (Ebersberger et al. 2009) and a set of ctenophore-specific core orthologs
(Whelan et al. 2017) were retrieved from each transcriptome. Resulting orthologous
groups from V. delmarvensis and Lampea sp. were combined with the ctenophore-centric
dataset developed by Whelan et al. (2017) and processed for paralogs using the
bioinformatics pipeline from the same work (code available from
http://github.com/nathanwhelan). Briefly, an initial quality filtering step was undertaken
to prune orthologous groups (OGs) containing fewer than 29 out of 47 taxa to minimize
missing data; this cutoff was chosen to balance missing data and number of OGs included
in the final dataset. OGs were aligned with MAFFT using the “–local” option with all
other options set to their defaults (Katoh and Standley 2013). Sites with ambiguous
alignments were masked with Aliscore and Alicut (Misof and Misof 2009, Kück et al.
2010, Katoh and Standley 2013). For an initial paralog filtering step, gene trees for each
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OG were inferred with FASTTREE (Price et al. 2009) using the slow and gamma
options. Alignments and gene trees were passed to PhyloTreePruner (Kocot et al. 2013),
and a 99% bootstrap threshold was used to prune putative paralogs; if more than one
sequence per taxon remained after paralog pruning, only the longest sequence from each
taxon was retained.
The dataset was further processed with TreSpEx (Struck 2014), which can
identify additional putative paralogs or contamination from OGs retreived with HaMStR.
First, individual gene trees of each PhyloTreePruner processed OG were inferred with
RAxML v8.2.4 (Stamatakis 2014) using the “-f a” option to run rapid bootstrap analysis
and infer the ML tree for each OG; trees were inferred with the best-fit amino acid
substitution model inferred with RAxML and 100 fast bootstrap replicates were used to
assess nodal support. Following Whelan et al. (2017), we used BLAST-based (Altschul
1997) paralog pruning methods in TreSpEx to further trim putative paralogs and/or
sequences that may be a result of contamination in the original transcriptome sequences.
Any OG that had less than 29 taxa after paralog pruning was discarded. OGs were then
concatenated suing FASconCAT (Kück and Meusemann 2010).
Prior to phylogenetic inference with the concatenated dataset, best-fit partitioning
schemes and amino acid substitution models were inferred with PartitionFinder using
20% hierarchical clustering and Bayesian information criteria (Lanfear et al. 2014, 2017).
A phylogenetic hypothesis was generated with RAxML using best-fit models and
partitions inferred by PartitionFinder. Nodal support was assessed with 100 fast bootstrap
replicates.
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Although transcriptome based phylogenomics is a powerful tool for resolving
deep relationships (Fernández et al. 2014, Laumer et al. 2015, Kocot et al. 2017, Whelan
et al. 2017), available data limited the number of ctenophore taxa that could be included
in the above analysis. As such, we also generated an 18S rRNA based phylogeny with
increased taxon sampling across ctenophores. This was done to test monophyly of
ctenophore families as 18S rRNA sequences are available for some family-level types
that do not have sequenced transcriptomes available (e.g., Mertensia ovum) . Given
similarities between shallow ctenophore relationships previously inferred with 18S and
transcriptomic data (Podar et al. 2001, Simion et al. 2015, Whelan et al. 2017) we view
the 18S tree and transcriptome-based trees inferred here as complimentary, not mutually
exclusive. We retrieved 18S sequences from the V. delmarvenis and Lampea sp.
transcriptomes generated here following Whelan et al. (2017). Other sampled taxa were
those used by Whelan et al. (2017) to generate an 18S rRNA tree, including nonctenophore metazoans as outgroups (Table 2).
The best-fit substitution model for 18S was determined with jModelTest 2.1.10
(Darriba et al. 2012). An 18S maximum likelihood tree was inferred with RAxML using
the best-fit model of sequence evolution (GTR + Γ) and support was measured with 1000
fast bootstrap replicates. Bayesian phylogenetic inference for 18S was done with
MrBayes 3.2.6 (Ronquist et al. 2012) with default parameters, except we used model
averaging of substitution models (“nst = mixed” in MrBayes). Bayesian phylogenetic
inference was done with four independent Markov chain Monte Carlo (MCMC) runs,
each with four Metropolis coupled chains. Each run consisted of 10,000,000 generations,
sampling every 500 generations. Convergence was tested using Tracer 1.7 (Rambaut et
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al. 2018) and diagnostics provided by the MrBayes command “sump”. All chains
appeared to reach stationarity and all parameters had an effective sample size greater than
200 and a potential scale reduction factor of 1.00, indicating convergence of independent
runs. A majority rule consensus tree was computed with the MrBayes command “sumt”
with a 20% burn-in.
All raw data generated for this study have been placed in public repositories. Raw
transcriptome reads have been uploaded to the NCBI (SRA ####, #####). Assembled
transcriptome data, phylogenetic data matrices, and tree files have been uploaded to
FigShare (doi: #####). New 18S sequences were deposited to NCBI GenBank database
as ##### and ##### [accession numbers will be made available prior to publication].

Results

Phylogenetics
Illumina transcriptome sequencing resulted in 48,280,814 and 60,430,819 raw
paired-end reads for Lampea sp. and Vampyroctena delmarvenis, respectively. The
assembled V. delmarvenis transcriptome consisted of 172,671 contigs, and the Lampea
sp. transcriptome consisted of 130,071 contigs. The final transcriptome-based
phylogenomic dataset had 47 taxa, including outgroups (Table 4.1), 76,384 aligned
amino acids, and 40.8% missing data, including alignment gaps. The 18S dataset had 151
taxa, including outgroups (Table 4.2), with 2,429 aligned nucleotides.
Phylogenetic results were consistent with past analyses (Figs 4.1, 4.2; Podar et al.
2001, Simion et al. 2015, Arteaga-Figueroa et al. 2017, Whelan et al. 2017). Deep
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relationships on the 18S tree were not well supported (Fig. 4.1), but they were mostly
consistent with the transcriptome-based tree (Fig. 4.2). Many taxonomic groups at the
family-level and above were non-monophyletic, including Mertensiidae sensu lato,
Cydippida, and Lobata.
In both 18S and transcriptome-based phylogenies (Figs. 4.1, 4.2), V. delmarvensis
was recovered in the sister clade to all other ctenophores. The transcriptome-based
analyses recovered Lampea sp. as sister to all other ctenophores except the clade with V.
delmarvensis and E. dunlapae, whereas the 18S analyses placed Lampea spp. sister to
platyctenid ctenophores.
As a transcriptome was not available for the type species of Mertensiidae
(Mertensia ovum), the 18S tree is particularly useful for assessing the taxonomic status of
Mertensiidae. Mertensia ovum was recovered as the sister species to E. dunlapae with
100 % posterior probability. Moreover, M. ovum was recovered in a well-supported clade
that includes E. dunlapae, V. delmarvensis, an unidentified cydippid from Podar et al.
(2001), and the mertensiid Charistephane fugiens. Callianira antarctica, the only other
mertensiid identified to species-level that was included in our analyses, was not
recovered as closely related to any of the aforementioned species in either analysis. Thus,
Mertensiidae sensu lato is non-monophyletic.
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Systematics:
Mertensiidae L. Agassiz, 1860
Primary nomenclatural acts:
Mertensiidae – L. Agassiz 1860: 196–198, 293;
Euplokamidae – Mills 1987, 1987: 2661–2668, figs 1–5;
Euplokamididae – Cairns et al., 2002: 44, 69–70.
Secondary references to taxa discussed:
Mertensiidae –Harbison and Madin 1982: 712, fig. 68; Ikeda and Bruce 1986:
545-555; Haddock and Case 1999: 571–582; van der Land 2001: 122;
Gorokhova et al. 2009: 2025-2033; Shiganova and Malej 2009: 61–71;
Gershwin et al. 2010: 1-45; Granhag et al. 2012: 455-463; Tamm 2014: 1-46;
Pett and Lavrov 2015: 2089-2102; Simion et al. 2015: 102-114; Oliveira et
al. 2016: 1-256; Whelan et al. 2017: 1737-1746
Euplokamididae –Lindsay and Miyake 2007: 98–102, fig. 2; Gershwin et al.
2010: 1–45, fig. 1;Granhag et al. 2012: 455–463, fig. 2; Simion et al. 2015:
102–114; Whelan et al. 2017: 1737–1746.
Type species: Mertensia ovum (Fabricius, 1780)

Diagnosis: Cydippid ctenophore family distinguished by branched tentacles, tentacle
sheaths that open aborally to the infundibulum, and bodies flattened in the stomodeal
plane. The family consists of all species that share a most recent common ancestor with
Mertensia ovum, Charistephane fugiens, and Euplokamis dunlapae.

92

Remarks: Euplokamididae (synonymized with Euplokamidae in agreement with Cairns
et al., (2002) was originally erected to accommodate Euplokamis, whose unique, striated
muscle-containing tentilla were considered a significant enough departure from the
morphology of other pleurobrachiid ctenophores to merit removal of the genus from
Pleurobrachiidae (Mills 1987). However, our phylogeny of Ctenophora based on all
available 18S rRNA sequence data shows that Euplokamis is nested within a paraphyletic
Mertensiidae (Fig. 4.1; cf. Arteaga-Figueroa et al. 2017). We here synonymize
Euplokamididae Mills, 1987 with Mertensiidae, unifying Mertensiidae into a
monophyletic group consistent with available molecular sequence data. Our results
suggest that individuals identified as "Mertensiidae sp." in past phylogenomics analyses
(Dunn et al. 2008, Hejnol et al. 2009, Whelan et al. 2015, Whelan et al. 2017) were
misidentifications at the family level, possibly of undescribed species.

Vampyroctena (gen. nov.)

Etymology: Compound feminine noun derived from the French "vampyre", and Greek
κτεíς, κτενóς, “comb”. This metaphorical comparison to mythological creatures refers to
the dark gut pigmentation, which may serve as a "cloak" enabling them to hide
bioluminescence emitted from captured prey, and the blood red pigmentation of the
epithelium, comb plates, and mesoglea.
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Diagnosis: Tentaculate ctenophores with bright red mesoglea, and an elongate,
cylindrical body. Large black stomodaeum. Comb rows with large, deep red pigmented
ctenes. Orange canals, tentacle bulbs and tentacles which bear tentilla.

Vamyroctena delmarvensis (sp. nov.)

Etymology: Compound noun from “Delmarva,” the colloquial name for the peninsula
nearest to the original sampling site, derived from the 3 states that occupy it: Delaware,
Maryland and Virginia.

Diagnosis: Adults are approximately 30 mm wide and 80 mm long with a consistent 3:8
aspect ratio between the widest measure perpendicular to the oral-aboral axis and overall
oral-aboral length. Aboral organ sunken more than ⅛ of the total body length relative to
the surrounding tissue. Comb rows extend along most of body length with long ctenes
and compound cilia are deep red in color. Paragastric canals with large lobate
diverticulae. Tentacle sheaths perpendicular to the gut, approximately midway along the
length of the animal’s body that open into a large groove spanning ~30% of total body
length along the aboral side. Large black stomodeum is rectangular in the stomodeal
plane, and flattened in the tentacular plane (Figs. 4.3A, B).

Materials examined: Two barely damaged adult specimens, approximately 30 mm wide,
80 mm long and three damaged specimens of similar proportions. Collected at a depth of
~700 m between two trawling sites (GPS coordinates: 37.858, -73.382 and 37.918, 94

73.337). Holotype specimen deposited at Auburn University Museum of Natural History
under accession number [#####].

Description: Tentacle bulbs appear light orange in color, elongate-reniform, and extend
perpendicularly from the gut (Fig. 4.3C). Tentacle bulbs are more proximal to the gut
than to the body wall, and connected to the gastrovascular system by short tentacular
canals (Fig. 3A). Tentacular sheaths open into a large groove spanning ~30% of total
body length on the aboral section (Figs. 4.3A, B). Tentacles are bright orange, long, and
coil in on themselves when retracted (Fig. 4.3B, 3C). In a holding tank, the animals’
tentacles exhibited a “probing” behavior wherein they were extended rapidly, then
contracted to their former position, coiling upon return. It is unknown whether this
behavior is practiced by individuals in situ.
The animal’s gut is black, rectangular in the stomodeal plane, tapered aborally,
and flattened in the stomodeal plane for most of its length (Fig. 4.3A). In some of our
photographs it appears inflated toward the oral end in the tentacular plane, however, this
may be due to damage during collection (S. Haddock personal communication). The gut
extends approximately 70% of the animal’s total body length (Figs. 4.3A, B). Numerous
wide, and occasionally lobate or bifurcating diverticulae of the paragastric canals wrap
around the stomodeal surface, and are most prominent mid-stomodaeum, with dwindling
size as they approach the oral and infundibular ends of the paragastric canals (Figs. 4.3A,
B). Aboral canal is present, spanning ⅕ of the total body length, and interradial canals are
absent. The substomodaeal adradial canals radiate horizontally from near the
infundibulum and merge with the substomodaeal meridional canals at the same height .
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The subtentacular adradial canals radiate near the infundibulum, possibly from the
tentacular canals (Fig 4.3A aboral view depicts hypothetical connections to these canals
as seen in Harbison 1985), and merge with the meridional canals at the height of the
infundibulum (Fig. 4.3A). These simple, wide, light orange meridional canals extend
strictly beneath the comb rows, ending blindly at the same height as the comb rows end
(Fig. 4.3A, D). The mouth’s width is approximately 25% of the animal’s diameter. The
exterior surface of the mouth is ringed with white “lips.”
Comb rows are all of equal length and extend from edge of the aboral organ
depression toward the stomodeum, covering ~80% of the body length in our specimens.
However, abrasion from the collection event is visible in the oral end, thus the oral extent
of the comb rows and meridional canals may be longer than it appears in our
photographs, possibly reaching the mouth (Fig. 4.3A). Approximately 75 ctenes per
comb row (Figs. 4.3B, D). Inter-ctene spacing is short at the oral and aboral ends but
increases toward the middle, approaching a maximum of 1-2 mm between individual
ctenes (Fig. 4.3B, D). Ctenes are deep red in color, independent of iridescence (Fig.
4.3D).
The mesoglea is red throughout the volume of the animal, with small, deep-red
pigment granules present on the exterior surface (Fig. 4.3B). The mesoglea is very flimsy
in consistency and deforms easily from light touching. While the body of the animal is
cylindrical overall, it tapers slightly near the mouth and is moderately flattened in the
tentacular plane. The width:oral-aboral axis aspect ratio is approximately 44% in the
tentacular plane, and 36% in the stomodeal plane. The aboral organ is deeply sunken into
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the aboral surface of the animal relative to the surrounding body projections, up to
roughly 23% of overall body length (Figs. 4.3A, B).

Remarks:
A number of references to ctenophores that bear gross morphological similarities
to V. delmarvensis exist both in print and online, with and without accompanying
photographs (see Fig. 4.4 for map of sampling localities). Bright red cydippid
ctenophores similar to V. delmarvensis have been found in the Atlantic, Pacific, and
Indian oceans at depths ranging from 700 m to in excess of 3000 m. Many of those
ctenophores have an overall body shape similar to that we describe for V. delmarvensis:
cylindrical, tapering at the oral end, with branched orange tentacles with tightly coiled
tentilla (e.g. http://www.photolib.noaa.gov/htmls/nur01003.htm, collected and
photographed by a NOAA expedition in “southern New England”; “Tortugas red” image
from Gates 2016 recorded off the coast of Tanzania). Some also have deeply sunken
aboral organs (http://dsg.mbari.org/frameGrabs/Tiburon/images/0852/01_21_23_19.jpg
and https://biolum.eemb.ucsb.edu/organism/pictures/tortugas.html) or large individual
ctenes (https://biolum.eemb.ucsb.edu/organism/pictures/tortugas.html), similar to V.
delmarvensis. The sizes for most of these ctenophores were not reported, but at least one
(https://biolum.eemb.ucsb.edu/organism/pictures/tortugas.html) is reported to be >15 cm
in length, almost twice the size of the largest V. delmarvensis specimens we collected.
This same specimen also has a darkly pigmented gut
(https://biolum.eemb.ucsb.edu/organism/pictures/tortugas.gut.html) with prominent
paragastric canals posessing numerous diverticulae, also similar to V. delmarvensis.
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Various morphological similarities between the aforementioned records and V.
delmarvensis suggest they are congenerics, but not enough morphological or molecular
information is available for these references to adequately assess whether they are
conspecific.
Notably, V. delmarvensis specimens examined for this investigation bear gross
morphological similarities to the specimen “cydippid, undescribed sp. 2” analyzed in the
ctenophore 18S molecular phylogeny of Podar et al. (2001; see their Fig. 1B for a
photograph of their specimen). Comparison of the 18S rRNA sequence for “cydippid,
undescribed sp. 2” (“Ctenophora, sp2” in our analyses; Fig. 4.1) with the V. delmarvensis
18S sequence suggest that these organisms may be members of the same species. In fact,
only one single nucleotide polymorphism was observed between V. delmarvensis’s 18S
rRNA sequence and that of “cydippid, undescribed sp. 2” of Podar et al. 2001. Podar et
al. (2001) collected “cydippid, undescribed sp. 2” in the Bahamas and the specimen is at
least congeneric with V. delmarvensis (Fig. 4.1). However, 18S has been shown to lack
resolution at the species level for ctenophores, with different species sometimes having
identical 18S sequences (Alamaru et al. 2017). Thus, we cannot rule out that V.
delmarvensis and “cydippid, undescribed sp. 2” from Podar et al. (2001) are different
species.
The undescribed cydippid in Podar et al. (2001) and others mentioned above have
sometimes been reported as “Tortugas Red,” or Agmayeria tortugensis (Bailey et al.
1994, 1995, Haddock and Case 1999, Cairns et al. 2002, Pagès et al. 2006). To our
knowledge, the species has not been formally described, and a holotype has never been
designated. Thus, Agmayeria tortugensis is a nomen nudum as it fails to conform with
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Article 13 of the Code (ICZN, 1999). Moreover, at least one ctenophore referenced as
“Agmayeria tortugensis” found in the northern Gulf of Mexico bears little resemblance to
V. delmarvensis or other putative, undescribed conspecifics (Valentine and Benfield
2013); its mesoglea is dark red, almost black, its body is teardrop-shaped, tapering at the
aboral end rather than the oral end, and its tentacles are white. The application of the
epithet Agmaeyeria tortugensis to the animal collected by Valentine and Benfield (2013)
brings the numerous applications of Agmaeyria tortugensis nomen nudum and Tortugas
Red without accompanying photographs into question.
Given the lack of a formal description for Agmayeria and only a vague reference
the first time the name is mentioned in the literature (Bailey et al. 1994), we cannot be
certain that this nomen nudum refers to the the genus of the specimens we collected.
Therefore, we decided not to adopt the genus epithet Agmayeria for Vampyroctena
delmarvensis. This decision is consistent with the Principle of Priority of the Code
(ICZN, 1999). We view our genus-level nomenclatural act as a conservative approach
that avoids ambiguity associated with the name Agmayeria. Moreover, the species name
tortugeneis is also a nomen nudum and has been applied informally to specimens that
may not be conspecific with V. delmarvensis. Thus, we do not apply the name tortugensis
to V. delmarvensis. We also view this nomenclatural act as conservative, given
morphological differences between V. delmarvenis and other specimens referred to as
“Tortugas Red”.
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Discussion
Possible deep-sea adaptations of Vampyroctena physiology
The pigmentation, both of the mesoglea and the gut of Vampyroctena
delmarvensis is, to our knowledge, unique among currently described mertensiid
ctenophores. The striking red color of this ctenophore’s mesoglea would render it
virtually invisible below about 600 m (Warrant and Locket 2004). No long-wavelength
light sufficient for animal vision reaches these depths, so Vampyroctena delmarvensis
would appear black against a dark background, a camouflaging strategy common among
mesopelagic animals from crustaceans to medusae(Warrant and Locket 2004, Johnsen
2005). The animal’s black gut likely also represents an adaptation to life at great depths.
In the mesopelagic zone, bioluminescence is a common trait (Martini and Haddock
2017). Whether Vampyroctena delmarvensis is capable of bioluminescence is unknown,
but some of its prey likely are. Because the wavelengths of light emitted by these prey are
potentially quite variable (Warrant and Locket 2004, Johnsen 2005), a uniformly black
gut that serves as a strong, broadband absorber of light is a plausible means of preventing
the stray light from consumed prey from giving away V. delmarvensis’ position.

Phylogenetic placement of Vampyroctena and remarks on ctenophore taxonomy
Phylogenomic analysis of ctenophoran taxa based on transcriptome sequences
produced a well-resolved phylogeny supporting known intra-ctenophore relationships
(Fig. 4.2; Whelan et al. 2017). Our transcriptome based analysis placed Vampyroctena
sister to Euplokamis dunlapae with maximal bootstrap support. Together, Vampyroctena
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and Euplokamis comprise the sister group to all other sampled ctenophore lineages (Fig.
4.4).
The 18S rRNA phylogeny provides a fine-grained view of many species-, genus-,
and family-level relationships within the phylum (Fig. 4.1). Of particular note,
Vampyroctena and Euplokamis (and thus, Euplokamididae) emerge in a clade also
containing Mertensia ovum, the type species for Mertensiidae, and Charistephane
fugiens, another Mertensiidae. The classification of both Mertensia and Charistephane
within Mertensiidae date to the original description of the family (Chun 1880) and is
substantiated by our molecular analyses. Euplokamididae was originally erected by Mills
to accommodate the removal of Euplokamis from Pleurobrachiidae on the basis of
significant morphological divergence from the latter family (Mills 1987). However, this
classification was undertaken before sequence data was readily available. The rationale
for removing Euplokamis from Pleurobrachiidae still stands, but our analyses indicate
that Euplokamididae would be better understood as a synonym of Mertensiidae, rather
than splitting Mertensiidae into multiple families or leaving it paraphyletic.
Mertensiidae, as revised here, is not diagnosable by any one morphological
character. This is consistent with the extensive homoplasy present within Ctenophora that
makes ctenophore taxonomy rooted in morphology alone problematic, particularly for the
“cydippid” ctenophores (Harbison 1985, Podar el al. 2001, Haddock 2007). However,
molecular phylogenetic analyses presented here (Fig. 4.1) and by others (Podar et al.
2001, Simion et al. 2015, Arteaga-Figueroa et al. 2016) strongly support the need for a
molecular diagnosis of the Mertensiidae.
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In our analysis, the type for Mertensiidae (Mertensia ovum) is recovered sister to
the two Euplokamis individuals we sampled, including Euplokamis dunalapae, the type
for Euplokamididae (Fig. 4.1), but another mertensiid, Charistephane fugiens, is
recovered sister to a clade of E. dunlapae, M. ovum, and V. delmarvensis. One alternative
to revising Mertensiidae so it includes Euplokamididae and Vampyroctena would have
been to erect a new family for Vampyroctena and a new family for Charistephane. While
this would have resulted in the retention of Euplokamididae as a valid family, it would
also have resulted in four monotypic families, meaning the family-level designations for
each species would be no more meaningful than their genus-level taxonomy. A second
alternative to revising Mertensiidae would have been to place Vampyroctena into a newly
erected monotypic family and not revise any other taxonomic groups. However, this
would have introduced future instability into ctenophore taxonomy as a monotypic family
for Vampyroctena would likely be synonymized into Mertensiidae in the future. Our
molecular phylogenetic analyses recovered a strongly supported clade that includes E.
dunlapae, M. ovum, C. fugiens, and V. delmarvenis, and our revision of Mertensiidae to
include these species is a small step towards revising ctenophore taxonomy such that
familial classifications represent natural groups.
Our analyses also revealed two other areas of possible discrepancy between the
currently accepted taxonomy of ctenophores and available molecular sequence data. First,
the cydippid genus Pukia of the monogeneric family Pukiidae emerges within
Pleurobrachiidae (Figs. 4.1 and 4.2). This observation, along with similarities in
gastrovascular canal connectivity, tentacle morphology, and overall size and shape
between species within Pukiidae and Pleurobrachiidae, substantiates reconsideration of
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Pukiidae as a distinct family (Harbison and Madin 1982, Harbison 1985, Gershwin et al.
2010, Lindsay 2017). Second, Callianira antarctica, a mertensiid sensu lato, emerges in
both our transcriptomic and 18S phylogenies within an undescribed clade, distantly
related to other Mertensiidae sensu stricto (Figs. 4.1 and 4.2). As other authors have
noted, Callianira is beset with various issues arising from its complex taxonomic history
(Bennema and van Moorsel 2011). Our molecular data suggest that Callianira should be
excluded from Mertensiidae and remain as incertae familiae until a critical reevaluation
of Callianira and its members is performed with modern tools and perspectives.
Furthermore, species identified simply as “Meretensiidae sp.” in past phylogenomic
analyses (Dunn et al. 2008, Hejnol et al. 2009, Moroz et al. 2014, Pisani et al. 2015,
Fueda et al. 2017, Simion et al. 2017, Whelan et al. 2015, 2017) should be considered
unidentified cydippids and incertae familiae.
As a member of the sister group to all other extant ctenophores, Vampyroctena is
a critical lineage for understanding ctenophore biodiversity. By revising Mertensiidae, we
establish a monophyletic sister group to all other extant ctenophores that can be used as a
point of reference to address the earliest evolutionary divergences in this phylum.
Ctenophora is still in need of extensive taxonomic revision, as numerous families and
higher order groups are clearly not monophyletic (Podar et al, 2001, Simion et al. 2015,
Whelan et al. 2017). Furthermore, large swathes of ctenophore biodiversity, particularly
in the deep-sea, remain undescribed (Mills 2017). Increased sampling by ROVs and
midwater trawls, coupled with the timely description of newly discovered species, will
facilitate the burgeoning study of ctenophore diversity and evolution.
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Figures
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Figure 4.1: Bayesian phylogenetic reconstruction of Ctenophora based on all available
ctenophore 18S rRNA data. Nodes with less than 50% posterior probability were
collapsed. Filled circles = 100% PP; Empty circles > 90% PP. Source and/or accession
number is presented in parentheses for each taxon. Scale bar corresponds to substitutions
per site. Family labels in quotation marks represent monophyletic groups which fall
within other families. Outgroup taxa were trimmed for visualization purposes.
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Figure 4.2: Phylogram of Ctenophora inferred with transcriptome-based phylogenomics.
All nodes have 100% bootstrap support unless otherwise labelled. Ctenophora taxa
labelled in black and green are both part of the order Cydippida. Species are labeled as in
Whelan at al. (2017). Scale bar is in substitutions per site.
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Figure 4.3: V. delmarvensis anatomy. A) Schematic representation of Vampyroctena
delmarvensis anatomy based on accumulated photographs, video, and notes. B)
Representative photograph of V. delmarvensis in the stomodeal plane. C) Close-up of
tentacles showing orange coloration, branching, and coiling. D) Close-up of comb rows
dissected away from the body, revealing the underlying light orange meridional canal.
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Figure 4.4: Map of sample sites for V. delmarvensis and possible conspecifics. V.
delmarvensis sampling sites marked with a red star (★), possible conspecifics with
published sampling coordinates marked with filled red circles (🔴). Numbers beside
circles indicate reference source. (1) Bailey et al. 1994 (2) Bailey et al. 1995 (3) Images
retrieved from MBARI VARS [1, 2] (4) Lindsay and Hunt 2005 (5) Pagès et al. 2006 (6)
Valentine and Benfield 2013 (7) Gates 2016. See Table 3 for coordinates, collection
depths, and trait comparisons.
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Tables

Species

SRA accession or
other database

Ctenophora
Vampyroctena delmarvenis

[to be provided upon acceptance]

Lampea sp.

[to be provided upon acceptance]

Euplokamis dunlapae

SRR777663

Coeloplana astericola

SRR786490

Benthoplana meteoris

SRR3407215

Vallicula sp.

SRR786489

Hormiphora californensis

SRR1992642

Hormiphora palmata

SRR6074513

Pleurobrachia bachei

http://neurobase.rc.ufl.edu/pleurobrachia/

Pleurobrachia pileus (New

SRR6074514

Jeresey)
Pleurobrachia pileus

SRR789901

Pleurobrachia sp. (Florida)

SRR6074519

Pleurobrachia sp. (South

SRR6074520

Carolina)
Pleurobrachia sp. (South

SRR6074517

Carolina)
Pukia falcata

SRR5892572
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Callianira antarctica

SRR5892575

Mertensiidae sp. (Washington,

SRR786492

USA)
Mertensiidae sp.

PRJNA396415

Dryodora glandiformis

SRR777788

Beroe ovata

SRR6074516

Beroe sp. (Queensland,

SRR5892577

Australia)
Beroe forskalii

SRR6074515

Beroe sp. (Antarctica)

SRR5892576

Beroe abyssicola

SRR777787

Bolinopsis ashleyi

SRR5892570

Bolinopsis infundibulum

SRR6074521

Mnemiopsis leidyi

https://kona.nhgri.nih.gov/mnemiopsis/

Mnemiopsis leidyi (New Jersey, SRR6074522
USA)
Mnemiopsis mccradyi

SRR6074509

Eurhamphaea vexilligera

SRR6074510

Cestum veneris

SRR5898571

Ocyropsis crystallina

SRR6074507

Ocyropsis sp. (Florida, USA)

SRR5892581

Ocyropsis crystallina guttata

SRR6074507
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Lobatolampea tetragona

SRR5892579

Lobata sp.

SRR5892579

Cydippida sp. (Washington,

SRR786491

USA)‡
Cydippida sp. (Antarctica)

SRR5892578

Cydippida sp. (Maryland,

SRR6074511

USA)
Ctenophora sp. (larval

SRR6074512

specimen)‡

Table 4.1: List of transcriptomic datasets used in the present study.
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Ctenophores
Taxon
Beroe abyssicola
Beroe abyssicola
Beroe cucumis
Beroe cucumis
Beroe cucumis
Beroe forskalii
Beroe forskalii
Beroe forskalii
Beroe gracilis
Beroe gracilis
Beroe ovata
Beroe ovata
Beroe sp. Antarctica
Beroe sp. Queensland, Australia
Bolinopsis ashleyi
Bolinopsis infundibulum
Bolinopsis infundibulum
Callianira antarctica
Cestum veneris
Cestum veneris
Cestum veneris
Charistephane fugiens
Charistephane fugiens
Coeloplana aginae
Coeloplana anthostella
Coeloplana astericola
Coeloplana bannwarthii
Coeloplana bocki
Coeloplana cf. meteoris
Ctenophora sp. 1
Ctenophora sp. 2
Ctenophora sp. 3
Ctenophora sp. 4
Ctenophora sp. Bahamas
Ctenophora sp. Florida, USA
Cydippida Sp. Maryland
Deiopea kaloktenota
Dryodora glandiformis

Source
Markova et al. 2012
Moroz et al. 2015
Podar et al. 2001
Podar et al. 2001
Kobayashi et al. 1993
Podar et al. 2001
Podar et al. 2001
Simion et al. 2014
Podar et al. 2001
Moroz et al. 2015
Podar et al. 2001
Moroz et al. 2015
Moroz et al. 2015
Moroz et al. 2015
Moroz et al. 2015
Podar et al. 2001
Moroz et al. 2015
Moroz et al. 2015
Podar et al. 2001
Simion et al. 2014
Moroz et al. 2015
Podar et al. 2001
Collins 2002
Collins 2002
Song et al. 2011
Moroz et al. 2015
Podar et al. 2001
Song et al. 2011
Simion et al. 2014
Podar et al. 2001
Podar et al. 2001
Podar et al. 2001
Podar et al. 2001
Moroz et al. 2015
Moroz et al. 2015
Moroz et al. 2015
Simion et al. 2014
Moroz et al. 2015
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Accession
JN673817
MF599310
AF293695
AF293699
D15068
AF293697
AF293698
KJ754156.1
AF293696
MF599317
AF293694
MF599318
MF599315
MF599316
MF599319
AF293687
MF599306
MF599333
AF293692
KJ754161
MF599325
AF293682
AF358113
AF358112
HQ435810
MF599309
AF293683
HQ435813
KJ754157
AF293676
AF293680
AF293681
AF293686
MF599323
MF599320
MF599336
KJ754160
MF599311

Euplokamis dunlapae
Euplokamis sp.
Haeckelia beehleri
Haeckelia rubra
Hormiphora californiensis
Hormiphora palmata
Hormiphora plumosa
Hormiphora sp.
Lampea pancerina
Lampocteis cruentiventer
Lecuothea pulchra
Leucothea multicornis
Lobata sp. Punta Arenas, Chile
Lobatolampaea tetragona
Mertensia ovum
Mertensia ovum
Mertensiidae sp.
Mertensiidae sp. Antarctica
Mnemiopsis leidyi
Mnemiopsis leidyi
Mnemiopsis mccradyi
Mnemiopsis sp. New Jersey, USA
Ocyropsis crystallina
Ocyropsis crystallina crystallina
Ocyropsis crystallina guttata
Ocyropsis maculata
Ocyropsis sp.
Ocyropsis sp. Florida, USA
Pleuobrachia brunnea
Pleuobrachia pileus
Pleurobachia sp.
Pleurobrachia bachei
Pleurobrachia pileus
Pleurobrachia pileus
Pleurobrachia sp. 1 South Carolina,
USA
Pleurobrachia sp. 2 South Carolina,
USA
Pleurobrachiidae sp. Gulf of Mexico

Moroz et al. 2015
Granhag et al. 2012
Podar et al. 2001
Podar et al. 2001
Moroz et al. 2015
Moroz et al. 2015
Podar et al. 2001
Collins 1998
Simion et al. 2014
Direct GenBank
Submission
Podar et al. 2001
Simion et al. 2014
Moroz et al. 2015
Moroz et al. 2015
Podar et al. 2001
Javidpour et al. 2009
Moroz et al. 2015
Moroz et al. 2015
Podar et al. 2001
Simion et al. 2014
Moroz et al. 2015
Moroz et al. 2015
Moroz et al. 2015
Podar et al. 2001
Podar et al. 2001
Podar et al. 2001
Moroz et al. 2015
Moroz et al. 2015
Simion et al. 2014
Simion et al. 2014
Moroz et al. 2015
Podar et al. 2001
Podar et al. 2001
Moroz et al. 2015

MF599307
HE647719.2
AF293673
AF293674
MF599328
MF599312
AF293676
AF100944
KJ754155

Moroz et al. 2015

MF599334

Moroz et al. 2015
Moroz et al. 2015

MF599335
MF599326
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KF202290
AF293688
KJ754159
MF599324
MF599314
AF293679
FJ668937
MF599308
MF599321
AF293700
KJ754158
MF599330
MF599331
MF599332
AF293690
AF293691
AF293689
MF599327
MF599329
KJ754154
KJ754153
MF599304
AF293677
AF293678
MF599313

Pukia falcata
Thalassocalyce inconstans
Vallicula mulitformis
Vallicula multiformis
Velamin parallelum

Taxon
Aegina
Aglauropsis
Ambystoma
Amphimedon
Amphitrite
Anemonia
Antipathes
Arion
Atolla
Axinella
Callibaetis
Callipallene
Carybdea
Catostylus
Cerebratulus
Chaetopleura
Chrysaora
Clytia
Crateromorpha
Cyanea
Ephydatia
Fabienna
Glycera
Haliclystus
Heterochone
Homarus
Hydra
Hydractinia
Ichthyophonus
Leucetta
Leucosolenia
Lubomirskia

Moroz et al. 2015
Podar et al. 2001
Podar et al. 2001
Moroz et al. 2015
Podar et al. 2001
Outgroups
Source
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
Mallatt et al. 2010
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MF599322
AF293685
AF293684
MF599305
AF293693

Melicertissa
Mallatt et al. 2010
Metridium
Mallatt et al. 2010
Misumenops
Mallatt et al. 2010
Monosiga
Mallatt et al. 2010
Monosigaovata
Mallatt et al. 2010
Montastrea
Mallatt et al. 2010
Mucor
Mallatt et al. 2010
Mycale
Mallatt et al. 2010
Nausithoe
Mallatt et al. 2010
Nectopyramis
Mallatt et al. 2010
Nematostella
Mallatt et al. 2010
Oopsacas
Mallatt et al. 2010
Oscarella
Mallatt et al. 2010
Pachydictyum
Mallatt et al. 2010
Pantachogon
Mallatt et al. 2010
Petromyzon
Mallatt et al. 2010
Phoronis
Mallatt et al. 2010
Podocoryne
Mallatt et al. 2010
Podura
Mallatt et al. 2010
Porpita
Mallatt et al. 2010
Proterospongia
Mallatt et al. 2010
Raja
Mallatt et al. 2010
Rhabdocalyptus
Mallatt et al. 2010
Rhizaxinella
Mallatt et al. 2010
Saccharomyces
Mallatt et al. 2010
Saccoglossus
Mallatt et al. 2010
Salpingoeca
Mallatt et al. 2010
Scrippsia
Mallatt et al. 2010
Scutigera
Mallatt et al. 2010
Strongylocentrotus
Mallatt et al. 2010
Suberites
Mallatt et al. 2010
Sycon
Mallatt et al. 2010
Tenebrio
Mallatt et al. 2010
Tethya
Mallatt et al. 2010
Trachycladus
Mallatt et al. 2010
Trichoplax
Mallatt et al. 2010
Triops
Mallatt et al. 2010
Table 4.2: List of 18S rRNA datasets used in the present study.
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Obser
vation
ID
V.
delmar
vensis
1
V.
demarv
ensis 2
Bailey
1994
Bailey
1995
MBARI
1
MBARI
2
Sagam
i Bay
Gulf of
Maine
1
Gulf of
Maine
2
Gulf of
Mexico
Tanzan
ia
Baham
as
New
Englan
d

Map
referenc
e/marker

Lat
itu
de

Lon
gitu
de

Collection/Ob
servation
depth (m)

★

37.
85
8

73.3
82

700

★

37.
91
8

73.3
37

1

26.
5

78.1
33

2

35.
2

75.0
33

3

36.
73
2

123.
699

3

36.
32
3

122.
902

4

35

139.
228

5

40.
2

69.0
5

5

40.
5

68.1
67

6

28.
75
6

88.3
66

7

8.2
74

40.0
95

N/A

N/
A

N/A

N/
A

N/A

N/A

700

"mesopelagic"

"mesopelagic"

2728

Source

Body
length
(mm)

Bod
y
shap
e

Sunken
aboral
organ

Meso
glea
color

Red
cten
es

Can
al
colo
r

Tentacl
e exit
point

Tentacular
sheaths
visible

Tenta
cle
color

Stomod
aeum
color

Paragastr
ic
diverticul
ae

Paragastric
diverticulae
branching

Meridion
al canal
extent

Comb
row
extent

Ora
l
tap
er

Abor
al
taper

K
ee
ls

Hypothesized
relationship to V.
delmarvensis

Collected by the authors

68

Cylin
drica
l

Yes

Red

Yes

Oran
ge

Aboral

Yes

Orang
e

Black

Yes

Lobed

75%

75%

Slig
ht

No

N
o

Holotype

76

Cylin
drica
l

Yes

Oran
ge

Yes

Orang
e

75%

Slig
ht

No

N
o

Paratype

N/A

N/
A

Unknown

Unknown

Collected by the authors

doi:10.3354/meps113013

N/A

doi:10.3354/meps122121

78.3
(avg.)

N/A

N/A

Cylin
drica
l

N/A

Cylin
drica
l

MBARI VARS (image)

3332

MBARI VARS (image)

N/A

doi:10.1017/S002531540
5011434

600-700

https://doi.org/10.3989/sci
mar.2006.70n3363

500-998

https://doi.org/10.3989/sci
mar.2006.70n3363

1450

doi:10.1016/j.marpolbul.2
013.10.004

1313

http://nora.nerc.ac.uk/id/e
print/513680/

1000

https://biolum.eemb.ucsb.
edu/organism/pictures/tor
tugas.html

N/A

http://www.photolib.noaa.
gov/htmls/nur01003.htm

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Tear
drop

N/A

Cylin
drica
l

150+

Cylin
drica
l

N/A

Cylin
drica
l

Yes

N/A

N/A

Yes

N/A

N/A

N/A

Red

N/A

N/A

Red

Red

N/A

N/A

N/A

N/A

N/A

Black/
Brown

Slightly

N/A

N/A

Red

Red

Red

N/A

N/A

N/A

N/A

Yes

Oran
ge

Yes

Oran
ge

N/A

N/A

N/A

N/A

N/A

N/A

Yes

Oran
ge

N/A

N/A

Yes

Oran
ge

Yes

Oran
ge

Aboral

N/A

N/A

Aboral

Aboral

N/A

N/A

N/A

Aboral

Aboral

Aboral

Aboral

N/A

N/A

N/A

Black

N/A

N/A

N/A

Yes

Light

Opaque
red

Yes

Yello
w

Opaque
red

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Light

N/A

N/A

Yes

Orang
e

N/A

Orang
e

N/A

N/A

N/A

Black

N/A

Black

Black

Table 4.3: Collection and trait details for V. delmarvensis and possible congenerics
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Yes

N/A

N/A

N/A

N/A

N/A

N/A

N/A

NA

Lobed

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Yes

Complex
branching

Yes

N/A

75%

N/A

N/A

100%

100%

N/A

N/A

N/A

66%

N/A

100%

1/1

N/A

N/A

N/A

N/A

N/A

N/
A

100%

Slig
ht

Sligh
t

N
o

Congeneric

100%

Slig
ht

Sligh
t

N
o

Congeneric

N/A

N/
A

Unknown

N/A

N/
A

Unknown

N/A

N/
A

Unknown

Yes

N
o

Unknown

Unknown

N/A

N/A

N/A

66%

N/A

N/A

N/A

No

N/A

Yes

Yes

N
o

75%

Slig
ht

No

N
o

Congeneric

Yes

Sligh
t

N
o

Congeneric

90%

CHAPTER FIVE: Concluding remarks
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It is my hope that this thesis has impressed upon the reader both the limitations of
our current knowledge of ctenophores and provided some excitement at the prospect of
understanding them more fully. I have presented data that represent several firsts in
ctenophorology: our investigation of ctenophore colloblast biochemistry showed
evidence that these cells contain proteins with catecholic moieties, a possible analogue
with the adhesive systems of bilaterian marine animals. Like so many aspects of
ctenophore biology, it remains to be seen whether this trait is deeply rooted in the animal
tree, or simply more “evolvable” than one might expect. Though the comparison between
cydippid ctenophores and spiders, each hunting with a kind of sticky “web,” is often
made, our model of ctenophore prey capture showing how an apparently weak adhesive
can serve a unique function by passively filtering prey by size, adds a degree of depth to
this comparison. Finally, our description of a new deep-sea ctenophore V. delmarvensis,
possibly long-known colloquially to marine scientists, utilizes the power of molecular
phylogenetics to clarify not only its taxonomic position, but also to resolve several
higher-order taxonomic issues in the phylum. This has the potential to help set a new
standard for how taxonomic accounts of gelata are undertaken hopefully with the result
that more deep-sea biodiversity will be described with greater speed.
Future investigations of P. bachei colloblast adhesive would be greatly enhanced
by the isolation of catechol-containing proteins for mass spectrometry. Extraction of
catecholic compounds from tentacles using the acetic acid/CTAB buffer described in
chapter 2 could be combined with subsequent dialysis and affinity column purification
(e.g. a boronate column, whose medium binds 1,2 cis-diol groups under alkaline
conditions) to enrich for these proteins. After fully hydrolyzing these proteins, amino acid
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analysis by high resolution mass spectrometry could be used to identify putative noncanonical amino acids and post-translational modifications present in the sample. In
parallel, to identify candidate adhesive protein genes, purified adhesive proteins could be
subjected to protease digestion and subsequent mass spectrometry. Then, the masses
could be compared against the publicly available P. bachei transcriptome, allowing for
any putative non-canonical amino acids in the search. A similar approach applied to
tentacle-free body tissue could be used to investigate potential catechol-containing
neuropeptides.
Our study of colloblast adhesive strength could readily be expanded on by simply
performing the same style of tests with probes of different surface chemistries. Actual
prey items could be attached to a probe with a strong adhesive (e.g. cyanoacrylate) and
probed directly: what this approach loses in terms of surface geometry regularity is made
up for in its enhanced realism. In our experiments, the probe was pulled away from the
tissue at a single, slow rate, but it would be interesting to see if there was a rate
dependence to the failure of the colloblast adhesive bond by running trials at a range of
withdrawal rates. Improvements to the apparatus used to test adhesive strength could also
be made. Adding simultaneous high-magnification video recording at the site of contact
of the probe with the tissue would allow for the analysis of failure modes for the bond,
which may prove particularly interesting when combined with variable pulling rates for
the probe.
Our description of V. delmarvensis opens up a number of exciting avenues for
subsequent work. In our dissections of paratype specimens, we were able to preserve the
animals’ guts intact. Genetic material from prey items consumed by these individuals
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could be extracted from the gut and identified by DNA barcoding, giving some insight
into these enigmatic creatures’ diets. It would also be worthwhile to examine the
preserved tentacle tissue more closely to determine if it contains any striated muscle, a
topic of much speculation within the phylum.
I will conclude by touching briefly on some philosophical points. Ctenophores
are beautiful animals that, by virtue of their diverse and mesmerizing forms, push the
boundaries of what the term “animal” can mean in its popular conception. Living without
a heart or brain, in an environment so hostile to humans it may as well be outer space has
facilitated the characterization of ctenophores as metaphorically “alien” beings. The
unique aspects of their biology and the possibility that they may have developed certain
“complex” traits independently may only add to this perceived alien-ness. This is a
golden opportunity to expand our political consciousness. By encouraging people to see
gelata like ctenophores as animals—with their own kind of sophistication and
complexity, living alongside humans on the same world, we can push back against a
mindset in which these creatures are “primitive,” “alien,” and “taking over the oceans.”
The latter worldview seems well-poised to perpetuate mankind’s ecological hubris,
whereas the former might compel us to finally act with greater regard for the diverse
beings that make up life on Earth. That change, and I hope is comes, cannot come soon
enough.
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